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PREFACE
This work was performed during the summer and fall of 1975.
Basic data and conclusions are thought to be wvalid during this

period. The system analysis contained in this report can be
updated with improved performance and cost information.

J.H. Heinbockel
A.S. Roberts, Jr.

August 1976
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ANALYSIS OF GaAs AND Si SOLAR ENERGY HYBRID SYSTEMS

By

John H. Heinbockel! and A.S. Roberts, Jr.?2

SUMMARY

Various silicon hybrid systems are modeled and compared with
a Gallium Arsenide hybrid system. The hybrid systems modeled
produce electric power and also thermal power which can be
used for heating or air conditioning. Various performance
indices are defined and are used to compare the system per-
formance. The performance indices are: capital cost per
electric power out; capital cost per total power out; capital
cost per electric power plus mechanical power; annual cost per
annual electric energy; and annual cost per annual electric
energy plus annual mechanical work. These performance indices
indicate that concentrator hybrid systems can be cost effective

when compared with present day energy costs.

Realistic costs and efficiences of GaAs and Si are respect-
ively $35,000/m2 for 15% efficient solar cells and $1000/m? for
10% efficient solar cells. The performance indices show that
limiting values for annual costs are 10.3 ¢/kwh and 6.8 ¢/kwh
for Si and GaAs respectively. Results demonstrate that for a
given flow rate there is an optimal operating condition for
maximum photovoltaic output associated with concentrator systems.
Also concentrator hybrid systems produce a distinct cost advan-

tage over flat plate hybrid systems.

1 professor, Department of Mathematical and Computing
Sciences, 0ld Dominion University, Norfolk, Virginia 23508.

2 professor of Engineering and Associate Dean, School of
Engineering, 0Old Dominion University, Norfolk, Virginia 23508.
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LIST OF SYMBOLS

silicon

gallium arsenide

maximum power

efficiency of solar cell
reference efficiency
reference temperature

slope coefficient
temperature °C

temperature °K

solar intensity [w/m?]

short circuit current density [amp/cm?]
open circuit voltage [Volts]
£ill factor

scale factors

constants (i = 1, 2, 3, 4, 5)

electric output per square meter of absorber
area [w/m?]

energy absorbed by system per square meter
of absorber [w/m?]

loss terms per unit area due to convection
and radiation losses [w/m?]

incident solar flux density [w/m2]
energy removed by coolant [w/m2]
temperature (°K) of plate or cell
temperature (°K) of cooling fluid
heat loss coefficient [w/m2 °K]

ambient temperature (°K)
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emissivity

Stephan-Boltzmann constant

mass flow rate [kg/hr]

specific heat of fluid

area of absorbing surface

efficiency of flat plate collector
i=1, 2, 3, 4, 5 performance indices
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2P = theoretical concentration ratio
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.5 1 -—1]0 R} = high guality
TCK THE L thermal energy

low quality thermal energy
= effective thermal conductance per
abs unit area of absorber
efficiency of absorption
month of year (1 to 12)

electric output for nth month per unit area
of absorber

thermal output for nth month per unit area
of absorber

work output for nth month per unit area
of absorber

average solar flux density for nth month
interest rate

maintenance cost

number of years

minimum value of performance index 4



1. INTRODUCTION

A typical solar energy hybrid system is illustrated in
figure 1. The system is a hybrid system in that solar energy
can be converted to (a) electrical energy by utilizing photo-
voltaic devices and (b) thermal energy which in turn can be

used for heating or air conditioning.

In this report, various types of solar collectors will be
analyzed so that electric and thermal energy outputs received
from the collectors can be compared. The photovoltaic devices
considered for the conversion of solar energy to electric energy
will be limited to silicon :(Si) and gallium arsenide (GaAs) solar
cells. The system comparisons will incorporate both energy
output comparisons and cost comparisons. The cost comparisons
are based upon current costs and projected costs for Si and
GaAs solar cells. Comparisons are obtained by defining various
system performance indices such as capital costs per unit power

out and annual costs per annual energy out.

In section 2, mathematical models are constructed to simulate
the conversion efficiencies of both Si and GaAs photo cells under
a variety of temperature and light flux conditions. These models
are in turn utilized in sections 3 and 4 where various collector
systems are modeled and compared under nominal and annual solar
insolation simulations. The results of the system comparisons
are presented graphically and can be found in these later sections.
Section 3 is limited to system comparisons under nominal solar
insolations and section 4 deals only with annual solar insolation

system performance.

The results of the system performance on an annual basis
are in turn utilized in section 5 to illustrate various design

considerations necessary to meet specific power requirements.

Section 6 discusses the various assumptions that have been
made throughout the study and section 7 presents a rationale for
future cost projections of Si and GaAs solar cells. Section 8

presents the conclusions of the study.




The various graphs presented in this report were obtained
from the computer programs presented in Appendices A and B, by
utilizing the appropriate conditions in the programs.

2. MODELS FOR GaAs AND Si EFFICIENCIES

Linear Model

Figures 2, 3, and 5 are taken from references 1, 2, and 3, and
depict the behavior of GaAs and Si solar cells under a wide variety
of temperatures and light flux intensities. Figure 4 comes from
H. Hoval and J.M. Woodall, "Optimization of Solar Cells for Air
Mass Zero Operation and a Study of Solar Cells at High Temperatures,"
which is a quarterly progress report for the period June 1974 to
October 1974, NASA contract NAS1-12812. This report is not a
readily available reference. If one assumes that the maximum
power out is directly proportional to the solar intensity E,

then one can write

PmaX = a(T) « E [mw]
where a(T) is temperature dependent proportionality constant,
which in general decreases with temperature. From the definition

of solar cell efficiency

P
power out _ max _ a(T)
power in E ¢« (cell area) cell area

ny = efficiency =

one can conclude that the solar cell efficiency depends upon temp-—

erature only. Thus, it is assumed that
ns = nsm = [1- 8- 1] (1)

where n, is reference efficiency at reference temperature Tr

and B 1is proportionality constant.

For 8i, B is chosen as .0041, this value of B gives a zero
efficiency when T - Tr = 243.9° C. For GaAs, B is chosen as .0024,
which gives a zero efficiency when T - T. = 416.66° C (reference for



the above coefficients is "On Heat Rejection from Terrestrial Solar
Cell Arrays with Sunlight Concentration" by L.W. Florschuetz of the
Mech. Engn. Dept., Arizona State University, Tempe, AZ. This paper
was received in a private correspondence with the author and is not

yet readily available).

Nonlinear Model

The assumed solar cell efficiency nj3 was modeled to conform
with the experimental data from reference 2 (fig. 3b). The modeled
efficiency decreases with increasing light intensity. It should be
noted that cell design will determine the actual behavior of the
efficiency. 1In several GaAs cells, efficiency has been observed
to increase with increasing light intensity (refs. 4, 5, and 6).
For the purposes of this study, the more conservative assumption
of decreasing efficiency with intensity was utilized in the effort

to simulate worst characteristics of mass produced cells.

The following formulas were used to model the efficiency ng3
of Si and GaAs solar cells and were derived on the basis of all
parametric data taken from various sources (refs. 2, 3, 4, 5, 6,
7, 8, 9, 10).

ISC(E,T) . VOC(E,T) « FF(E,T) (10%)

ny = n3(E,T) = B (2)
where ISC = short circuit current density [amp/cm?],

Voo = Open circuit voltage [Volts],

FF = fill factor,

E = solar flux density [w/m?], and

T = temperature (°C).

The following empirical relations were used in the nonlinear

model for efficiency.



GaAs

VOC(E,T) = VOCO, + 7.361(10"3)E 357 - 2.45(10-3)T

I (E,T) = ISCO (.148E *363 + ,388)T (3)
scC G-

-.162
FFG(E,T) = FIFO, + 1.922E - 1.11(10°3)T

Si

VOC(E,T) voco_ + [2.9(10“3)E-172 - 2.23(10-3)T]

I .(E/T) ISCO, (AO + AT + A,T2 + A,T3 + A,TY + ASTS) E/10

= (4)
FFS(E,T) = FFG(E,T)

The above equations were derived to fit the data from figures 2
through 5 and the ISC(E,T) for Si was taken from reference 3. The
guantities VOCO, ISCO, FIFO are scaling parameters in order that
the above equations can satisfy the following reference conditions at
T = 25° C, E = 1000 w/m?:

GaAs
n E
Voo = 1.0 FF, = .85; I = ————
106V __FF
oc TG
Si
n_E
Voo = -60; FF_ = .85; Tgo = ———
10%v__FF
oc g
where n, = efficiency at reference conditions. The constants Ai

for Si are:

Ag = .914727
Ay = .108713(10 ~?)
Ay, = —.695706 (10 ~°)
Az = .226603(1077)
Ay, = .17109(10 %)

-.144039(10 11y

5
(5]
il



Comparison of the linear and nonlinear solar cell efficiency
models are illustrated in figure 6 for a variety of solar flux

intensities using a reference efficiency of 15%.

The models depicted by (1) and (2) will be utilized to represent

the solar cell efficiency in the following sections.
3. HYBRID SYSTEM MODELS AND ANALYSIS

A hybrid system can be visualized in figure 1. A hybrid
system can produce electrical power and heating or air conditioning.
Actually a hybrid system produces electric power by photovoltaic
conversion of the incoming solar flux density and also thermal
power by absorption of that light flux density which is not
converted to electrical power. The thermal power can then be
utilized in heating or air conditioning. Figure 1 illustrates
a system that could be used for an ammonia-water absorption

cooling system.

Various systems for the absorption of the solar flux are
considered in this report. The various systems are illustrated

in figure 7 and can be summarized as follows:

System I: Two flat collectors, one for the collection of
solar flux to be converted into thermal power and the other
having silicon (maintained at 25° C) for the production of

electrical power.

System II: A single flat plate collector upon which is
placed silicon solar cells. It is assumed that the temperature
of the silicon cells is the same as that of the flat plate and

the silicon efficiency is a function of this temperature.

System III: A concentrator system having GalAs solar cells.
with efficiency as a function of temperature. The temperature

can be controlled by a fluid passing through the absorber.

System IV: A concentrator system having Si solar cells
with efficiency as a function of temperature. The temperature

can be controlled by a fluid passing through the absorber.



System V: A concentrator system with no solar cells and a flat
plate collector with silicon solar cells. The concentrator system
is for thermal power production and the flat plate collector is
assumed maintained at 25° C for the production of electrical power.

Analysis and Assumptions for Systems I and II

In system I, illustrated in figure 7, it is assumed that 84%
of the incident solar flux is absorbed by the flat plate collectors.

The electric power output per unit area of absorber is

Q [w/m?]

ELEC = "3 Oy

N
The energy loss from the collector is

where Q . = .841_ [w/m?] and n3 is cell efficiency.

4 L
= hy (T = T ) - €0(Tpay = T ) (5)

Q AIRK CK AIRK

LOSS

It is assumed that the thermal energy obtained from flat plate 1
is the energy remaining after losses are accounted for. An energy

balance produces

98 ~ %oss T “ruermar T °
or
Qppmrmar, = +84Ty ~ B1(Teg = Tarpy) = €0(Tly = Tarpy)
= ﬁcp (Tnp = To) *
Aabs CK FK
where
IN = incident solar flux (assumed to be 500 w/m?)
TCK = temperature of flat plate [°K]
TAIRK = ambient temperature [°K]

€ = emissivity = .04



10

o} = Stephan-Boltzmann constant = 5.6697(10"8) w/m2 « k%
m = mass flow rate [kg/hr]

Cp = specific heat of fluid [kj/kg °C]

TFK = temperature of fluid entering collector [°K]

A s = area of absorbing surface [m?]

The cost of the flat plate collectors is assumed to be a

linear function of the thermal efficiency 71, where

QTHERMAL

ny, = efficiency of collector = 9

In
and the cost is given by

cost of collector = 400 n, + 10 [$/m?]

This corresponds to current day costs which range between $53.82/m2
($5/£t2) and $645.90/m?2 ($60/ft2) for flat plate collectors.

The silicon solar cell costs are analyzed in section 7 and
are taken as $1000/m? for 10% efficient cells and the cost of
maintaining cell temperatures at 25° C is assumed to have the
minimal value of $56/m?. This gives a total cost for the flat
plate 2 of $1056/m2.

System II is illustrated in figure 7. Assuming that 84% of
the incident flux energy is absorbed by the solar cells an energy

balance on system II gives

QIN = Oprpc T %osses T %rmermarn = ©
or
- - - - L - L
(1 n3)(.84)IN h1(TCK TAIRK) eo(TCK TAIRK)
me (7)
= a (Teg = Tpg!
abs



where

Iq = incident flux density [w/m?] (500 w/m?2)

hy = heat loss coefficient [w/m2 °K] (500 w/m? °K)

TCK ='temperature of cells = temperature of flat plate [°K]
> = emissivity (.04)

g = Stephan-Boltzmann constant = 5.6697(1078) w/m2k"“
TrATRK = ambient temperature [°K]

m = mass flow rate of fluid

Cp = specific heat of fluid

Aabs = area of absorber

It is known that the second law of thermodynamics gives an

expression for the maximum thermal efficiency of a heat engine,

T
- FK
which is the Carnot efficiency, N =1 - 37—
CK
where T is fluid temperature and T is cell temperature. Here

FK CK
it is assumed that the fluid will enter collector at a temperature

T and exit from collector at a temperature T This assumption

FK CK*
is consistent with the fact that typical large power plants have

overall efficiencies of 50 to 60% of the Carnot efficiency (ref. 11).

Actually most solar heat engines go through a Rankine cycle
which is approximately 50% the efficiency of a Carnot cycle.
Define '

TFK

Qworg = *° (1 - TCK>QTHERMAL (8)

as the high quality thermal energy that can be extracted via
turbine from the thermal energy received by the solar collector.

In order to compare the various systems in figure 7, various
performance indices are defined which will characterize the various
forms of energy obtainable from a hybrid system.

11
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For both systems I and II the

are defined:

CAPITAL COST

following performance indices

P1 = PEARK(ELEC + MECH)POWER
+
_ (cosT FPl)AabS (cosT FPZ f»?p??ﬂ?ﬁ%ﬁ}Aabs
~ T
FK
QrLEC Aﬂm+'56' QX>QﬁEMML A bs
p. = _CAPITAL COST
2 TOTAL POWER OUT
) (CcosT FPl)Aabs + (COST FP, + COST CELL)AabS )
(QELEC + QTHERMAL)Aabs
p. = CAPITAL COST
3 ELEC POWER
+
) (COST FPl)Aabs (COST FP, + COST CELL)Aabs
QELEC Aabs
where
= 2
Aabs area of absorber [m<4]
QELEC = na(.84)IN
mC
Q = K(T - T..), K = —E£ = flow rate parameter
THERMAL CK FK Ao [kw/m2 °C]
0 - 51 - F) g
WORK . Tox THERMAL

is the fraction of thermal energy which is
converted to mechanical work assuming a Rankine
cycle which is modeled as 50% of a Carnot cycle

efficiency.



The same cost figures are used in system II as those presented

for system I. Systems I and II are summarized in figures 8 and 9.

Analysis and Assumptions for Systems III and IV

Systems III and IV are concentrator systems having GaAs and

Si solar cells respectively and are illustrated in figure 7.

The following assumptions and notations are used to describe

and model these systems.

Let Aap = aperture area, Aabs = absorber area of receiver,
CTH = K—ER = theoretical concentration ratio, As = surface area
abs A
of receiver. It is assumed that A S _ = 2. Then for both systems
abs

IITI and IV the various energy terms per unit area of absorber are:

QI nlINCTH where 1; = optical efficiency of con-
N centrator (assumed to be .7)
QELEC n3QIN where n3 = solar cell efficiency
= - - b _ bk

Qrosses = 2P (Teg = Tarpg) = 2€0(Tég ~ Tappg! (10)

mC
QrHERMAL T A (Tog ~ Tpg) = K(Tog = Tpg) (11)

abs

T
- _ _EK

Owork = *° <l Tox )QTHERMAL (12)

where the notation is the same as that employed to model systems
I and IT.

An energy balance on the concentrator systems produces

Qr = Qrrrc ~ %osseEs = OTHERMAL (13)

N

13
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and the performance indices Pi i=1, 2, 3 Dbecome

CAPITAL COST (COST CON)A_, + (COST CELL)A,,

P} = PEAK(BELEC + MECH)POWER Oriec © B

abs + QWORK'. Aabs

(COST CELL)

(COST CON) +

= Cry
Qprec ¥ %work
Crn
(COST CON) + ~COST CELL)
Fa = eﬁiéﬁ?ﬁ%%ﬁi? = 5 — Cry -
ELEC THERMAL
Crn
(COST CON) + (Coi? CELL)
F3 = CgiégAgogggT = 5 TH
ELEC
Cru

The cell costs are taken as $35,000/m?2 for 15% efficient GaAs
solar cells and $1000/m? for 10% efficient Si cells. Concentrator
costs are assumed to have a constant value of $156/m2. This high
cost of the concentrator includes two-dimensional tracking and
structural supports for wind loads and high concentrations. It

is a very conservative value when one compares average concen-
trator costs of $34/m? from references 12, 13, and l4. Systems

III and IV are summarized in figure 10.

Analysis and Assumptions for System V

System V is illustrated in figure 7 and consists of a con-
centrator system for thermal energy and a separate flat plate

system for electrical energy (modeled the same as in system I).

Using the same assumptions and notations defined previously,

the various energy terms associated with system V are:



Qn = MIxCru (15)
QELEC = n3(.84)IN ny = solar cell efficiency (l6)
Qrosses = 21 (Tog = Tarpg) * 260 (Tdp = Tropg) (17)
T
Oworg = *° (l - %)QTHERMAL (18)
mC |
Qraprmar = Ae  (Tex ~ Tpx) = K(Tgg = Tgg) (19)

It is assumed that the silicon solar cells will operate at maximum
efficiency and that the energy balance on the concentrator system

is:

Q = Q

THERMAL .. ~ 9 (20)

N LOSSES

Again, the following performance indices are defined:

CAPITAL COST
PEAK (ELEC & MECH)POWER

P1=

(COST CON)A + (COST CELL + COST FP)A
= ap ap
QELEC * Aap + QWORK * Aabs

(COST CON) + (COST CELL + COST FP)

0 + QWORK

ELEC CTH
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_ CAPITAL COST _ (COST CON) + (COST CELL + COST FP)

P2 = “fOTAL POWER QraERMAT,

Q +
ELEC CTH

(21)

]
_ CAPITAL COST concl'd

ELEC POWER

QpLEC

A summary of the equafions describing system V are illustrated

in figure 11.

Systems I, II, III, IV, and V were compared for a solar
flux density of IN = 500 w/m? at various concentrations and
flow rates. The computer program used is presented in Appendix A,
The results of the computer program in Appendix A are
illustrated in figures 12, 13, and 14. These results utilize
the nonlinear model for solar cell efficiencies as a function
of intensity and temperature. Results are for a nominal

intensity of 500 w/m?2.

In figures 12, 13, and 14 systems I and II have the highest
capital cost per energy output. All three performance indices
show capital cost in the neighborhood of $10,000/kw. System V
has the next highest capital costs--ranging between $3000 to
$9000 per kw of energy produced. The systems with the lowest
costs are the concentrator systems with GaAs and Si solar cells
(systems III and IV). Capital costs for these systems depend
upon concentration and operating temperatures and range between
$900 and $2,000 per kw of energy produced. This is slightly
above capital costs (installation costs) of nuclear energy
which is currently running in the neighborhood of $700/kw and
energy from fossil fuels which costs $550 to $600 per kw
installed. Gas turbine energy installed costs are around $135/kw.
However, fuel cost for this type of energy is $2.46 per million
KJ ($2.60 per million BTU) of energy produced which is expensive.



Nuclear fuel costs are only 1l4¢ per million KJ (15¢ per million BTU)
of energy produced. The above figures are data obtained from a
personal communication with C.F. Miller of the Federal Power Commis-
sion, Washington, DC 20426. In contrast solar energy has no fuel
costs and depends only upon weather conditions indigenous to the
area where it is to be utilized.

Figures 15 and 16 illustrate solar cell electric output as
a function of concentration for various values of the flow rate
mC '
parameter K = —P.. fThese curves illustrate that at a fixed

Aabs

flow rate the electric power output increases with concentration
up to a point where the temperature of the cell can na longer

be maintained at a low value by the cooling fluid. For the
higher temperatures at the higher concentrations the efficiency
of the solar cell will begin to rapidly drop off and the electric
output will go to zero. The maximum power points for the GaAs
and Si solar cells occur approximately at temperatures of 245° C
and 160° C respectively for an incident flux density of 500 w/m?

assuming a 70% optical efficiency of the concentrator.

The triangular graphs of figures 17 and 18 illustrate the
percent energy distribution for the concentrator systems III and
IV. In these figures
(22)

Q =Q

LT - Q

THERMAL WORK

where Q represents the low quality thermal energy remaining

LT
after fluid has undergone a Rankine cycle to extract useful work

from the high temperature fluid.

At each point of the triangular graphs the sum of the ordin-
ates will add to 100. The ordinates increase from a to A for

Q b to B for Q and from ¢ to C for QLT'

ELEC’ WORK’
At low concentrations there is mostly electric energy and

low quality thermal energy produced by the concentrator systems.

As the concentration increases, the temperature rises and the

useful work that can be obtained from the fluid by a turbine

17
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will increase; however, as the temperature increases, the electric

output is driven to zero.

Figures 19 and 20 illustrate temperature for various con-

centrations of systems III and IV,
4. ANNUAL PERFORMANCE MODELS

The analysis of systems I, II, III, IV, and V has indicated
that the concentrator systems IIT and IV have the lowest capital
cost. For this reason the following sections will investigate

the annual energy production of systems III and IV.

For this purpose, average yearly insolation data from the
southwest United States has been selected (ref. 15). These
average values are illustrated in figure 21 and represent data

for the simulation of two-dimensional tracking concentrators.

Let IN(n) denote the average intensity for the nth month.

Then the energy balance (13) becomes

F =z (1 - n3)n11N(n)CTH - 2h1(TCK - Tatrg!

(23)

- L L - -
2€O(TCK T ) K(TCK T

ATIRK FK

If one assumes that the solar efficiency n3 1is a linear

function of temperature then (23) can be written as

F = F(T IN(n), Crpys T

TH’ ni, hy, €) =0 (24)

CK’ FK’

For a fixed concentration CTH one can solve (24) by

iteration to determine the temperature TCK'
If instead the nonlinear model for efficiency (2) is used,

then (23) can be written as



F = F(TCK’ IN(n)' ns3(E, TCK)I CTH; TFKI nir» hy, €) =0 (25)

where E = n1IN(n)CTH. Again, for a fixed concentration CTH
one can solve (25) by iterative techniques and determine the

temperature TCK'

For either the linear or nonlinear model for efficiency,
nyr corresponding to each month n, we have

Qgrpe (M) = nyIg(n)Cpun; (24) DAYM (n) (26)
Qrpermarn (M) = K(Tog — Tpg) (27)

T

FK
Quork (M) = ‘5< - T—_) QraerMarL ()

CK

(28)
+ QELEC(n) (24)DAYM(n)

where DAYM(n) represents the number of days in the nth month.
Then the annual output from the concentrator system is

ANNUAL ELEC

12
) . )
( n=1 QELEC (n) Aabs

& (29)
12

ANNUAL WORK <n=1 QWORK(n)) * A

the capital cost of the concentrator system is given by

CAPITAL COST = (COST CON)Aap + (COST CELL)Aabs (30)
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where (COST CON) represents the concentrator costs with two-
dimensional tracking. The concentrator cost is modeled in two
different ways. The first representation is

(COST CON) = CONSTANT = $156/m? (31)

and the second model is

(COST CON) = ==== C_ + 34 $/m? (32)

which is a linear function of concentration.

The capital costs are amortized over a twenty-year period at
an 8% interest with an assumed maintenance cost of 2% per year.

The annual cost can thus be represented as:

i

ANNUAL COST

STt (CAPITAL COST) (33)

1 - 0[1+ 1]
where n; = 20, i = .08, and m = .02.

Two additional annual performance indices are defined. These

are

ANNUAL COST
ANNUAL ELEC

PL',=
(34)

ANNUAL COST
ANNUAL WORK

P5=

where ANNUAL ELEC is obtained from (29), ANNUAL WORK obtained
from (29) and ANNUAL COST is obtained from (33). The equations
for annual comparison of systems III and IV are summarized in
figure 21.

The computer program for the camparison of systems III and IV,

for annual performance, is given in Appendix B. Graphical results



are illustrated in figures 22 through 27. For these figures
silicon costs were $1000/m2 at 10% efficiency and gallium
arsenide costs were $35,000/m?2 at 15% efficiency.

Figure 22 illustrates performance index P, VsS. concen-
tration for wvarious values of the flow rate parameter K.
Observe that there is a minimum value of ANNUAL COST/ANNUAL ELEC
for each value of the flow rate parameter. Figure 23 illustrates
performance index P, vs. performance index Py for various
values of the flow rate parameter K. In this figure, note
that there is a distinct minimum value of ANNUAL COST/ANNUAL ELEC
for various K values. As the concentration is further increased
the value of Py decreases but under the penalty of increasing
electric costs. Stated differently, the increased concentration

raises average cell temperature and reduces electric output.

The performance index Ps 1is not a representative per-
formance index of true costs as the additional cost of converting
a high temperature fluid to usable work has not been added to
the capital costs. Approximate additional cost for converting
this energy is $333/kw for a high temperature fluid. [One
possible model for this additional cost would be 333/(TCK - TFK)

where T is temperature of cells and T is fluid tempera-

CK
ture leaving heat engine.]

FK

Figures 24 and 25 depict annual energy outputs from the
concentrator systems III and IV. Figures 26 and 27 illustrate
solar cell cost vs. minimum value of P, for various fiow
rate parameter values of K. Listed alongside these curves

are approximate concentrations where minimum values are obtained.
5. DESIGN CONSIDERATIONS

A hybrid system used in conjunction with conventional heating
and air conditioning equipment must be designed to carrxy a cer-—
tain percentage of the daily load requirement. The following
are calculations to give a first estimate for cost and sizing

of a hybrid system to supply enerdy to a residential house.
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The following assumptions will be made:
1. Heating requirements: = 69.9(103%) kwh/yr
= (25 BTU/hr ft2) (265 days/year) (1500 £t2)

2, Air conditioning requirements: = 26.4(103) kwh/yr

= (25 BTU/hr £t?) (100 days/year) (1500 ft2)

3. Electrical power demand: = 8(103) kwh/yr
4. Area of house: = 139 m2 = (1500 ft2)
5. Cost of GaAs: = $35000/m?2

At a concentration ratio of 400, one can assume the following
energy values per square meter of aperture area (values taken
from fig. 25)

ANNUAL Q = 300 kwh/m? yr

ELEC

ANNUAL Q = 1700 kwh/m? yr

THERMAL
assume total thermal load is 69.9(103) kwh/yr and total electric
load is (26.4 + 8)(103) = 34.4(103) kwh/yr.

b
(photocell area). Then to meet the thermal demand one would

Let Aap denote aperture area and Aa denote absorber area
require
1700 kwh/m? yr - Pap = 69.9(103) kwh/yr
or

A = 41.12 m2 = (442 ft?2)




is the aperture area required to meet this demand. This aperture

area would supply the following electrical power

Q = 300 kwh/m? yr « 41.12 m2 = 12.34 kwh/yr

ELEC

which is 35.8% of electrical energy requirements. The required

solar cell (absorber) area necessary is

A
= 2R - 2 = 2
Aab 700 +1028 m 1.106 ft

The approximate cost of such a system can be divided as in
table 1.

The cost of such a system depends upon concentrator costs
which could be major costs of the system. There is currently
no reliable data on concentrator costs and if one takes the
cost figures as representing lower and upper bounds for system

cost, an average cost would be $8738.47.

Of course this is only a rough estimate of system cost. There
will be economic variations with respect to geographic location and
weather conditions. It is envisioned that such systems will be in
widespread use in commercial and industrial applications within the

next 25 years.
6. DISCUSSION OF MODELS, ASSUMPTIONS, AND RESULTS

The models constructed in this report are for steady-state
operating conditions of the systems under investigation. The
models represent average operating conditions of the various
systems and do not consider transient responses.

The concentrating devices are assumed to give uniform solar

mC
cell illumination and K = Kji; represents an effective uniform
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thermal conductance per unit area of absorber. Values of K between
.01 and .1 represent passive cooling such as wind cooling. In com-
parison, values of K between .1 and 10 represent active cooling
with high mass flow rates. In the report K is the heat removed
from the absorber area per unit of absorber (cell) area per unit
temperature difference between coolant inlet and outlet temperatures.
Via a secondary loop this heat is available to drive a vapor engine
at an assumed 50% Carnot efficiency operating between some tempera-

ture limits. Heat exchanger losses are ignored.

There is a wide spectrum of costs in the solar field for flat
plate and concentrator collectors. There is also a wide spectrum of
costs for solar cell devices utilizing silicon and gallium arsenide.
The cost values used in this study were chosen as conservative values
under the assumption that the costs of $1000/m? for 10% efficient Si
and $35000/m? for 15% efficient GaAs solar cells together with concen-
trator costs are greater than "other" subsystem costs. This assump-
tion is valid for concentrator costs between $30/m? and $150/m2 and
concentrations ranging between 230 and 1200 for GaAs systems and

concentrations between 6 and 30 for Si systems.

There is not a great deal of information in the literature on
concentrator costs for full 2-D sun tracking concentrator devices
and so throughout most of this study the concentrator costs were
assumed constant ($156/m2) (refs. 12, 13, 14, 16, 17, 18, 22, 23,
24, 25). In figure 26, the concentrator cost was assumed to vary
linearly with concentration (34.0 + 0.122 CTH)$/m2.

The annual energy produced by the concentrator systems was
divided into electrical energy, high quality thermal energy, and
low gquality heat. The high quality thermal energy was that energy
that can be extracted from a high temperature fluid wvia a wvapor
engine with an assumed 50% Carnot efficiency. The annual values
of electrical energy and high gquality thermal energy (QWORK) are
illustrated in figure 25. The cost models do not consider the
additional cost of converting the high guality energy to useful
work. A more detailed cost analysis would be necessary for such

a comparison.
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There are some differences in the literature as to how solar
cells behave under high concentrations of solar flux energy. In
this report it was assumed that solar cell efficiences decreased
with increased illumination. Some investigators report that the
opposite is true-~that is, solar cell efficiencies increase with
increased illumination (refs. 4, 5, 6). The solar cell design
will determine tﬁe actual behavior of efficiency. If cell effi-
ciencies increase with increased illumination, then the results of
this study can be taken to represent very conservative estimates
as to how the various systems perform and the cost estimates given
in the figures of results must be lowered. Another area where no
data is available is lifetime performance of solar cells under high

flux densities.

Concentrators with high concentration ratios 100 to 10,000
have been developed for the space program (ref. 19). The technology
exists for constructing high concentration systems but little data

is available on costs for such concentrators.

7. COST PROJECTIONS FOR GaAs SOLAR CELLS FOR
TERRESTRIAL APPLICATIONS

The hybrid system performance and economic analysis has been
undertaken with uncertain component cost information, but no apolo-
gies are necessary. The intent was to find the limits of performance
and to establish comparisons between GaAs and Si solar cell hybrid
systems. It was realized from the outset that solar cell costs--
especially for Gal_xAles—GaAs cells—--would be pivotal, and system
performance results are reported over parameter domains where this
assumption remains valid. The cells of interest, grown by the
liquid-phase epitaxy process, are currently "hand-made" for experi-
mental purposes; though requiring little material per wafer, their
cost is understandably high because of the labor (skilled labor)
intensiveness of the processing. Cost reductions must ultimately
be predicated on market development for photovoltaic devices and

mass production techniques.

Even while costs remain high for the GaAs heterojunction cells,

there are compelling advantages relative to Si cells which motivate

25



26

continued basic research and stimulate system feasibility studies.
Among other researchers, Stevenson in the proposal report, D.A.
Stevenson, "Thin Film Gallium Arsenide for Low Cost Photovoltaic
Solar Energy Conversion," Report.No. CMR-P-73-17, Center for Mater-
ials Research, Stanford University, Stanford, CA, 1973 (not readily
available), has pointed out these advantages: -

1. The bandgap is a better match to the solar spectrum,

therefore better efficiencies can be obtained.

2. The bandgap is direct, therefore considerably thinner

cells can be used to absorb the solar energy.

3. The bandgap is greater, therefore (a) the power output
with increasing temperature is greater, and (b) the output vol-

tage is greater.

4. The minority carrier lifetimes and diffusion lengths

are lesS....

Stevenson also argues convincingly concerning the natural
abundances of the prime materials, gallium and arsenic. Materi-
als are available for large quantities of thin (5 to 100 um)
GaAs cells; there is needed only the stimulus to reduce the

labor-intensive. current manufacturing processes.

It will be the intent of the remaining portion of this
section to describe the current cost basis used in this report
for Si cells and for GaAs heterojunction cells. Also a scenario
is outlined depicting a plausible cost reduction projection for
GaAs cells based on an expanding market for photovoltaic electric

power generation.

In 1975, a few materials laboratories would quote a price
for small quantities of experimental heterojunction GaAs cells,
and the number was in the neighborhood of $800,000/m2, a staggering
figure to face for the photovoltaic/thermal power system designer.
Prominent researchers in the field were pragmatically uninterested
in predicting where current costs might go should a market develop.
A number of people in the solid-state electronic device industry
were asked if they would be willing to extrapolate their experi-

ence with LED and solid-state laser developments over to GaAs



solar cell production, and estimate a de-escalating cost curve
with growing demand--most were not willing to do this, including

H. Kressel of RCA Laboratories and M.B. Panish of Bell Laboratories
(ref. 30). The reason given was basic dissimilarity of the devices.
However, it was learned that two different producers of LED devices
were employing epitaxial structures. They were currently

growing an epitaxial layer on a GaAs substrate, dicing-up the
wafers, and providing electrical contacts at a cost of about
$3.50/cm? ($23/in.2). This yields a "current" cost estimate for
GaAs cells equivalent to $35,000/m2 assuming the technology extrap-
olates to solar cell production in large numbers. Although it

has no impact on "current" cell costs, the continuous cell growth
processes which are being studied (ref. 26), must inevitably con-
tribute to diminishing GaAs solar cell costs.

Solar cell array manufacturing costs (exclusive of substrate
and encapsulation costs) for "current" Si cells for terrestrial
application are variously quoted in recent literature: $2000/m?
(refs. 27 and 15); $1250/m? (ref. 28). For the sake of this study,
however, a value of $1000/m? is used (personal communication with
Gilbert H. Walker of NASA Langley Research Center, Hampton, VA
23665), based on the knowledge that Solarex Corporation of Rockville,
MD is producing commercially small Si cell arrays at a cost of
$10/peak watt. For a 10% efficient cell this is equivalent to the

$1000/m? cost value which is used in the analysis.

A scenario is outlined here demonstrating how GaAs cell costs
might ultimately reach a competitive level; the scenario is based
on the work of Wolf (ref. 28) and Baum (ref. 29) combining an elec-
tric power market penetration projection with the past cost history
of Si solar cells. Wolf sees the rising costs of conventional
sources of power and growing public awareness as setting the stage
for rapid power generation market penetration by photovoltaic sys—
tems. Significant prototype application is envisioned to commence
around 1980 providing electric (and thermal) power for buildings,
residential and commercial. From figure 3 in the paper by Wolf
(ref. 28), table 2 is constructed showing anticipated annual

electric energy from photovoltaic units on buildings. These
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values are converted to average kilowatts for a year and then to
"peak" kilowatts or installed capacity by assuming a plant capacity
factor of 50%.

Wolf has argued the plausibility of this level of penetration
over the next 50 to 60 years. Although the numbers appear large
they represent a small percentage of projected United States total
energy consumption in the given years. For later reference atten-
tion is called to the value for installed or "peak" kilowatts for
the year 1990, a point in time representing the starting date for

rapid commercial addition of photovoltaic equipment.

Although GaAs solar cell fabricators have been reluctant to
predict future cell costs, VARIAN of California has released cell
fabrication "experience" factors which gauge costs of epitaxially
grown cells as a function of peak photovoltaic kilowatts installed;
this is based on their work with GaAs cells under sunlight concen-
tration (unpublished data from R.L. Bell VARIAN Co., Palo Alto, CA).
Based on the VARIAN projections a market growth to 106 kw peak

installed will be required to achieve a 100-fold decrease in current

GaAs cell costs. This kilowatt level coincides with the year 1990

according to the projections of Wolf.

Historically the unit cost of production falls off exponen-
tially with rapid market penetration (refs. 27 and 29). If the
Si solar cell costs of Baum (ref. 29) are plotted along with the
"current” cost figure of $10/watt (the Solarex Corporation cost
derived assuming a 10% cell and a one~sun value of 1 kw/m2), a
semi-logarithmic slope of -.23 yr * is found. This curve is shown
in figure 28. For GaAs heterojunction cells the "current” cost is
$35,000/m2. If the number is modified assuming a 15% efficient
cell and a one-sun value of 1 kw/m2, a dimensional conversion yields
a current cost of $233/watt, compatible with the data for Si solar
cells. Extrapolating from this cost using the slope of -.23 yr ™,
a value is derived in figure 28 for the point in time where the
GaAs cell cost will have dropped by a factor of 100 as suggested
by VARIAN. Fortuitously, this date is 1995, coinciding approxi-
mately with the date of significant market penetration (1990)
suggested by Wolf and being consistent with the level of installed
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kilowatts necessary to stimulate cell production as indicated
by VARIAN.

In terminating this section of the report the following

conclusions are offered:

l. With significant prototype testing commencing by 1980,
installed (peak) photovoltaic capacity could reach 106 kw by
1990 (Wolf, ref. 28).

2. A 100-fold cost reduction for GaAs cells is feasible as
the market achieves 106 kw installed (VARIAN).

3. If silicon cell cost reductions observed from 1958 to 1975

are used as a gauge and the same semi-log slope (-.23 yr 1) is applied

to "current" GaAs cell costs, a 100-fold reduction is predicted to
occur by 1995 concurrent with Wolf's market projections to 106 kw
installed.

4. Convergence of Si and GaAs cell costs are indeterminate
at this time looking ahead 20 to 40 years. Convergence may be
possible, however, because GaAs cells (a) require less material
per unit cell area and (b) can display higher efficiencies rela-
tive to Si cells, especially under the desirable condition of

sunlight concentration.
8. CONCLUSIONS

Current costs and efficiencies for GaAs and Si solar cells are:
$35,000/m? for 15% efficient GaAs cells and $1000/m? for 10% effi-

cient Si cells, both efficiencies at AMIl.

Limiting values for annual energy costs from GaAs and Si con-
centrator systems have the following range of values: a GaAs
concentrator system ranges between 2¢ and 6.8¢ per kwh and a Si
concentrator system ranges between 2.5¢ and 1ll¢ per kwh. The
ranges in annual energy costs reflect the different assumptions

on concentrator costs which include full two-dimensional tracking.

For a given flow rate, there is an optimal operating condition
for maximum photovoltaic output of both GaAs and Si hybrid systems.

This can be seen by examining figures 15 and 16.
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The high concentration hybrid systems offer a distinct cost
advantage over flat plate hybrid systems because the concentration
increases solar flux density and decreases the solar cell area.

Solar hybrid systems for the heating and cooling of buildings
seem to be economically competitive with existing energy sources.
Additional cost studies should be undertaken to calculate "total
system costs" as this study did not figure in costs of cooling
equipment, hot water storage for heating, or turbine energy con-

version costs.

As the cost of solar cells decreases, optimum system perform-
ance from Si and GaAs hybrid systems can be achieved at lower con-
centrations. For Si cell costs of $50/m2 (NSF goal) and GaAs a
factor of 20 more expensive, optimal Si performance can be achieved
at concentrations around 10 while optimal GaAs performance can be

achieved at concentrations of around 100.
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Table 1. Approximate cost for solar photovoltaic system.

GaAs solar cell cost:

(35000) (.1028)

Concentrator cost with tracking:
($34/m2) (41.12 m2) lower bound
or

($156/m2) (41.12 m2) upper bound

Battery storage cost:
(COST/kwh) (1/EFFIC) (HRS OPERATION)(Aab)(PEAK FLUX OUTPUT) =

($40/kwh) (1/.65) (3 HRS) (.1028 m2) (8 kw/m?)

Conversion cost:
(COST kw) (PEAK FLUX OUTPUT)(Aab) =

($100/kw) (8 kw/m2) (.1028 m2)

Hot water storage costs:

($.2642/1itre) (3785 litres) = ($1/gal) (1000 gal)
TOTAL COST

$ 3598.00

1398.08

(6414.72)

151.83

82.24

1000.00

§ 6230.15
($11,246.79)




Table 2. Solar/photovoltaic market penetration.

32

Year Electric Kilowatt-hours gverage Installed

per year Kilowatts Kilowatts
1990 5.0 x 109 x 105 1.1 x 106
2000 2.6 x 101 .0 x 107 6.0 x 107
2010 1.0 x 1012 .1 x 108 2.2 x 108
2020 1.8 x 1012 x 108 4.0 x 108
2030 2.8 x 10t2 .2 x 108 6.4 x 108
2040 3.5 x 1012 4.0 x 108 8.0 x 108
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Fig. 5. Maximum power output as a function of
intensity and cell temperature

Figure 5b. Si performance from reference 3.
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Figure 6. Comparison of models for Si and GaAs
efficiency.
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SYSTEM I SYSTEM II
FLAT PLATE COLLECTOR (THERMAL FLAT PLATE COLLECTOR
POWER) SEPARATE FLAT PLATE WITH SILICON

COLLECTOR (Si) (ELECTRIC .POWER)

GaAs Si
SYSTEM III SYSTEM IV
CONCENTRATOR WITH GaAs CONCENTRATOR WITH Si
L ]

Figure 7.

SYSTEM V

CONCENTRATOR FOR THERMAL POWER FLAT PLATE
COLLECTOR WITH Si FOR ELECTRIC POWER

Solar collectors for hybrid systems.



SYSTEM I

FLAT PLATE COLLECTOR FOR THERMAL ENERGY
FLAT PLATE COLLECTOR (SILICON SOLAR CELLS) FOR ELECTRICAL ENERGY

Q = 2
1, QIN 841, W/m
QIN - SILICON
ASSUME _
MAX Qoss = M(Tex = Tarpe) *
. FFL- )
LOSSES 1 CIENCY 2 LOSSES b oTh 2
. ’///4' ( ’///’ eo(Teg = Tagpg) W/m
QrhERMAL Qe kc Qg = My
me
= P -
CrvermaL = A (Te = T¢)

ENERGY BALANCE (SILICON PLATE)

QIN = Qg1 ec - Quosses = ©

(1 - n3) (.88)Ty = hy(Tgy = Tarpg) = €o(Thy - Thipe) = O

ENERGY BALANCE FOR THERMAL ENERGY

QIN = Qrosses ~ QruermaL = O
_ 4 L, mC
Orpermar = +84Ty = Moy = Tarpe) = 29(Tey - Tarre) = a o (Tex = Tre!
Q
COST CON = 400n, + 10 $/m2 n, = EFFICIENCY OF COLLECTOR = -%HEBMAL
I
N

COST FLAT PLATE PLUS SILICON - $1000. + 56.

Figure 8. Summary of equations describing system I.



. SYSTEM II

FLAT PLATE COLLECTOR FOR THERMAL ENERGY HAVING SILICON
WITH EFFICIENCY OF SILICON AS FCN OF TEMPERATURE

Q ossEs ==, =% QrLEC

QrieRMAL

ENERGY BALANCE

QIN = Qerec ~ Qosses = QrnermaL = O
ey
- - - - L L = -
(1= ma) (-840 = ha(Tey - Tarpe) = =o(Tey = Thire) = a (e = Tre)

PERFORMANCE INDEX P

(COST FPI)Aabs + (COST FP, + COST CELL)Aabs

p CAPITAL COST
1

~ PEAK(ELEC + MECH)POWER _ Trg

Qo cn AL, + .5<? - R
ELEC “abs Tk

> Qrhermar * Pabs

(cosT FPl)A-abs + (COST FP, + COST CELL)AabS

P = CAPITAL. COST
2

" TOTAL POWER OUT ~ (Qgrec * OrnermaLPabs

CAPITAL COST _ (COST FP;)Aabs + (COST FP, + COST CELL)A,,

Ps = “ELEC POWER

QeLec Pabs

Figure 9. Summary of equations describing system II,
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ITI - GaAs SOLAR CELLS
IV - SILICON SOLAR CELLS

SYSTEMS III AND IV

e

e S

= APERTURE AREA

Q Aap
A.ps = ABSORBER AREA OF RECEIVER
A = SURFACE AREA OF RECEIVER
Q A
LOSSES C., = 2B~ = THEORETICAL CONCENTRATION RATIO
™™ R,
S
=2
QeLec Aabs
Q
THERMAL
Qq, = mInCoy Qrec = sl

COST CON = 100 + n;80. $/m?

[INCLUDES TRACKING STRUCTURAL

(WIND) SUPPORTS] .
mC

ENERGY BALANCE QryerMAL = ﬁ—ﬁl-(TCK -
aps

QIN - Q1 ec = Qosses = ArHERMAL

PERFORMANCE INDEX P

CAPITAL COST

T

FK)

(cosT CON)Aap + (COST CELL)(Aabs)

T

P1 = PEAK(ELEC + MECH)POWER - -

cosT con + LOSTCELL
_ T
-
FK
Qpec * -0 <] - T'C—K> QrHERMAL
CTH

COST CELL

o . CAPITAL cosy _ COST CON*+ Gy
2 = TOTAL POWER ~ O ;o * OrmemmaL

Cn
| cosT coN + ST CELL
o o CAPITAL COST _ TH
3 = “ELEC POWER I—
Crn

Figure 10.

Qiec * Aaps * '5<‘ - TCK> QryrmaL *

Summary of equations describing systems III and IV.

= - L L
QLosses = 2M(Tey = Tarre) * 269(Tée = TaArre)
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SYSTEM V

CONCENTRATOR FOR THERMAL ENERGY AND SEPARATE FLAT PLATE
COLLECTOR FOR ELECTRIC ENERGY WITH SILICON SOLAR CELLS

= mIyCy

Qeec = ns(-84)1y

Qosses
Qgsses = 2M (Tey = Tarpe) *

APERTURE Q A
AREA  ELEC 2ea(Téy = Ta1rk!
Q .
THERMAL e
QrnermaL = K. (Tey = Tegd

ENERGY BALANCE
COST CON = $100 + n,80.

Q =0, -Q
THERMAL ~ "Iy "LOSSES COST FLAT PLATE + SILICON = $1056/m2

PERFORMANCE INDEX P

CAPITAL COST _ (CoST CON)Aap + (COST CELL + COST FP)Aap

P1 = PEAK(ELEC + MECH)POWER T
Qi er = A+ .5(1 - =K)q - A
ELEC * Pap * - Tog/ TTHERMAL * Aabs
_ COST _CON + COST CELL + COST FP
- 'SQ ] TFK>QTHERMAL
ELEC o)
p, = CAPITAL COST _ COST CON + COST CELL + COST FP
TOTAL POWER " . Cu—
ELec ¥ Ty
p, = CAPLTAL COST _ COST CON + COST CELL + COST FP _ cousrayt

QeLec

Figure 11. Summary of equations describing
system V.,
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1 x10° — 1, = 500 W/m2, m; = .7,
hy = 15 W/m2 °C
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Figure 12. P; vs. concentration.
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Figure 13. P, vs. concentration.
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Figure 14. Pj3; vs. concentration.



100-07 i 103 eFF, by = 015 S 1 = 500 W/m?
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Figure 15. Electric output vs. concentration
for si.
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ELECTRIC OUTPUT -
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Figure 16. Electric output vs. concentration

for Gaas.
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Figure 17.

Qy

Energy distribution for system IV.
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Figure 18. Energy distribution for system IIT.
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10% Si I, = 500 W/m2

N
1000
.9
5
5 .25
=
= 100 L g
Ll
s .06
(an)
< .03
.01 = K = FLOW RATE PARAMETER
10 F
-I i . i | A L i N |
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TEMP (°C)

Figure 19. Concentration vs. temperature for system IV.



CONCENTRATION

15% GaAs I,, = 500 W/m2
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= K = FLOW RATE
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Figure 20. Concentration vs. temperature for system III.
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ANNUAL ENERGY PRODUCTION

9.8 9.8 9.7 g5
8.8 — 9.0 8.8

i
o
w

8.0

| N
[o0]

7.37.2

KWH
mZ-DAY
T

Y

IN(n) = AVG. INTENSITY FOR nth MONTH

- - L Th - - =
(1 = naIna Ly (n)Cqy = 2hy (Tey = Tappe) = 260(Ty = Thrpy) = K(Te = Tpy) = 0

Calculate

QELEC(n) = ﬂ1IN(n) CTHH3(24)DAYM(H)

= K(To, - T

Qoo (M) ck = Trk!

T
Qork (M) = -5 ( - T—(Fi) Qegor (M + Qg ge(n)  (24)DAYM(n)

12 12
ANNUAL ELEC =<,Z=j] QELEC(n)> Aps ANNUAL WORK = <r§1 QWORK(n)> A bs

(“Gost) =(con ) ap) * (oLl ) (Paps)

i) . APITAL
ANNUAL COST = [“ L m] (o)
(1+14) -1

_ ANNUAL COST

Performance Index 4 = P, = guar—FIFC Performance Index 5 = P5 = ANNUAL_COST

~ ANNUAL WORK

i= .08; n = 20 years; m = maintenance cost = .02

Figure 21. Summary of equations for annual

output from systems III, IV.
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ANNUAL COST $ ]
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ANNUAL ELEC

Py

1. - cccme—- NONLINEAR EFFICIENCY
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10. |—
GaAs
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$35,000/m?
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.01 1 I |
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Figure 22,

Performance index P, vs. concentration
for various flow rate parameters K.
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Figure 23. P, vs. Py for various flow rate parameters
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Figure 24. Annual energy output per square meter

of aperture.
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SOLAR CELL COST [$/m2]

100,000 - -2

K=3 > CONCENTRATION
45
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70 K=3 __K=2 - K=.75
1000 I~ 90 ®® 380
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- _ ANNUAL COST
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Figure 26. Solar cell cost vs. min P, for concen-
trator costs a linear function of
concentration.
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SOLAR CELL COST [$/m2]
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Figure 27.
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Solar cell cost vs. min p, for concen-
trator costs a constant.
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Figure 28. Extrapolated solar cell cost.
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APPENDIX A

COMPUTER PROGRAM FOR COMPARISON OF
SYSTEMS I, II, III, IV, V
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. EFFIC LNJIGXB,FOR

FORTRAN V,4(214) /K1 15-SEP-75 9:@5 PAGE 1

20301 SUBROUTINE EFFIC(VOCOG,ISCNG,FIFOG,VOCOS,1SCOS,.FIFOS)
30292 DIMENSION A(6). .

20303 REAL ISC0G,1SC0S,15CG,ISCS

20204 WRITE(3,142)

' PP305 183  FORMAL('1') . ..

20326 A(1)=500.

28207 A(2)=1090,

20928 A (3)35099, . .

20229 A(4)=10000,
228210 A(5)=52229, .
202311 A(6)=100090, ..
222312 DO 1 I=1,6

22313 £=a(1)

20214 ' WRITE(3,101) E . : .
20215 101  FORMAT(//,1X,"INTENSITY = ',F9.1,//T3,'TEMP'T11'EFFG'T21,'VOCOG'
20216 2r31,'ISCG'T4), *FILLG'TS1, 'EFFS'Th1, 'VOCOS'T71,'1SCS' TR,

29217  I'FILLS',//)_ _.

20218 D0 2 Jz1,13
20219 ‘TEMP=(J=1)*25,
22220 CALL CHAR(E,TEMP,TSCG,VOCG,FILLG,EFFG,1,V0C0G, TSCOG,FIFOG)
20221 "IF(TEMP ,GP. 20%.) GO 10 3
292322 CALL CHAR(E,TEMP,1SCS,VOCS,FILLS,EFFS,2,V0C0S,1SC0S,F1FO0S)
29223 3 CONTINUE . . . .
33224 " IF(TEMP .GT. 202,) GOTO 4
29325 WRITE(3,12) TEMP,EFFG,V0CG,ISCG,FILLG.EFFS,VOCS,ISCS,FILLS
. 98226 12 FORMAT(Y(1X,£9.5))
20827 G0 TO 2
#2228 4 ARITE(3,12) TEMP,EFFG,VOCG,ISCG,FILLG
30329 2 CONTINUE = . _
"28230 1 CONTINUE
20331 - 'RETURN
_282332. END _

SUBPROGRAMS CALLED

CHAR -

———— - - B

SCALARs AND ARRAYS [ "#" NO EXPLTCIT DEFINITION = "%" NOT REFERFENCED 1

&V0COS 1 iscoc 2 #oCcs 3 *EFFG 4 *E 5
¥EFFS 7. AFLFOS 19 *sFILLS 11 *J 12 A 13
.50002 22 [SCG.._23  *FIFOG 24 18C0S 25 *FILLG 26
. JSCS 30 L3 31 ¥VOCG 32
.. TEWPORARIES e
.EFF16 70

EFFIC [ VO ERRDRS DETECTED )

© ¥V0COG

.S¥201
*TEMP

[}

21

27

<



¥9

" CHAR

" LNJIGX8,FOR

FORTRAN V.4(2123) /K1

20201
20282

202323
20204
290225

15=8£P=78

9:95 PAGE 1

SUBROUTINE CHAR(E,T,1SC,VOC,FILL,EFF,1CODR,V0C0,ISCO,FIFD)

_REAL _IL,IL1,IMP,IMP1,1SC,M1,M2,18C0
CFIFG(X,T)=2(2.278%(X+4500,)%%=_112)=(6.666F=4)*T

FV(X,Y)=.547645%(X*¥,048)=(2,45E=3) %Y

FL(X,Y)2=((,148)%(Y** ,363)+,.388)+X

20326
20237
20208

- 00329
20312
22311

FVS(X,¥)=2(2,9E=3)%(X*¥¥,172)=(2,23E~3)*Y
FIS(E,T)=(AQ+T*(A1+T*(A2+T*¥(A3+T*(A4+A5%T)))))I*E/12.

A0=,914727. : A1=,1987136-2 ¢ A2=-.695706E~S
AS=-.144039E~11

A3=.226603E-7 :  A4=,17199E-9
IF(ICODE .GI. 1) GO ro 22
FILL=FIFQ+FIFG(E,T)

20212
32213
28214

VOC=VOCO+FV(E, T)
ISC=ISCO*FI(E,T)
G0 TO 23 . ’

20215
20216
20217

22

T ¥OC=VOCO+FVS(E,T)

ISC=ISCO*F1S(E,T)
FIGLZ(FIFO+FIFG(E,T))

23318
28219
29220

23

CONTINUE
EFF=FILL*VOC*ISC*((1.QE6)/E)
RETURN

20021

END

SUBPROGRAMS CALLED

FIFG

Fy

FVS

F1~ Fis

SCALARS AND ARRAYS [ "#" NO EXPLICIT DEFINITION

a4 1 ‘R1L IFO 2
.F2201 6 fFILL 7 - *a3 10
¥ICODE 13 ¥A0 14 $M2
#A2 20 Isco 21 M1
*V3CO 24 JFO006 25 LFAN84 26
¥Woc 31 VAS 33
_TEMPORARLES o
.CHA16 33 00000 34 .00001 35
CHAR [ WO ERRORS DUTECTED §

= "%" NOT REFERENCED )

*EFF

*E
Fa0a7
1s¢
LFR0@2

3

11
15
22
27

xT 4
LEFO012 12
.FOnns 16

A1 23
.Fageop 30

JFaaiy S

%IMP
FO2a3

%IMP1

%IL1

17



G9

INIT) LNJIGXA.FIR FORTRAN V.4(219) /KL 15=5EP=15 9:05

A22M SUBROULLINE IRITI(E, T,V0C,ISC,FF,EFF, TCODE,V0OCO,1SCO,FIFO)
22222 REAL 1P, 158C,TL,M1,42,18C0, 101, IMPL,MIN,MIN

AD6D3 FIFGIX, T)2(2,278%(X44522, )k%=_112)1-(6.66HE-41*T

22224 FY(X,()=.537R45% (Xt JIR1=(2.45E=3) %Y

AN2DS FLOA,0)=((.148)4(Y#%,363) 4+, 3RR)*Y)

22276 FUS(L,Y)=(2,9F =304 (X¥$,172)=(2.23E=2) %Y ~

22827 FLS(E, T)=(A0+1*(A1+T*#(A2+4T#(RA3I+TH(A4+AGKT))))I*E/ L,

2P 08 A0=,314727 3 A1=,198713E=2 3 A2==,h05T706F=5

A0229 43=,722hhN3E=7 ¢+ A4=_1T71v3E-9 - ¢ ARz==_144939E=11

ar2ia [SCEFFA(E/(1,uE0) Y/ (FF¥VOC)

22211 FELTCye Gle 1) GO TO 2

22217 FLEO=FP=FLEG(E,T)

a2213 VOCOSVAC=Fv (L, T)

T304 [SCO=LSC/VI(FE,T)

aAA1S GO 10 22

23216 2 VOCH2VOC-FVS(E,T)

20257, FIFOZFF=FIFG(E,T)

22218 [SCI=[SC/FIS(E, )

A4g219 22 THITINUE

22222 RETIRY

22221 EN)

SUBPROGRAMS TZALLFD

FIFG

Fy FvVs Fl Fis

SCALARS AND ARRAYS ( "#" N0 EXPLICIT DEFINT11UN = "' NOT REFERENCED }

¥RG 1 %1bL *FLFO 2 ¥EFF 3 T 4
“F2201 6 M2 EF 7 *23 10 L3> 11
[ 3814 ¥LConE 13 *A0 14 TMLN M2
.Fa2es (o FANE3 7 ¥42 20 LSCO 21 %M1

L1y 23 LA L] *WOCO 24 Fan6 25 FR0a4 26
LF2202 32 %L} *WOC 31 45 32

TEYPORARIFES
JINT1p .33 <399y 33 <AL 35

INLIEI [ VO ERRRURS OEIKCFED )

PAGE 1

JFRa11
.Fog10
.Feoe7
I1s¢C
.FO0e2

5
12
15
22
21
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. MAXSI LNIGAR,FOR FORTRAN V,4(219) /X1 15=8SEP=75 9:05 PAGE

222391 'SURRDUTINE MAXST(E,EFYAX, TENP,AREA,VOCO, TSCO,FIFO)
20222 REAL 18CO,10,18C,14P
22233 r=25, ¢ 1CODE=z2
2224 CALL CHAN(E,T,1SC,V0C,FILL,EFF, TCONF.VOCO, TSCO,FIFQ)
24225 EF4842EFF 7 [ENP=25.

22226 RETURN
23227 Evi

SUBPROGRAMS CALLED

CHAR

SCALARS AMD ARRAYS [ "#" w0 &XPLICILT DEFINITION = "%" NOT REFERFNCED 1

%XAREA L $F{FO 1 4EFF 2 #7T | 3
LI S s (CONE  h %(14P $FFMAX 7 18COo 10
¥V2C0 12 KLEap 13 *VnC 14

TEMPORAKEES
.. MBAX1A 15

MAXS1 { NO ERRORS OQETECIED |

1

*FILL
sC

4
11



L9

" ONTWO  LNJGXB,FOR FORTRAN V,.4(210) /KI 15-8EP=175 9:@5 PAGE 1
00201 SURROUTINE ONTAO(TMAX,CFPSI,IK,IN,FPS,VOCO,TSCO,F1F0,H1,TF,ETAIN,
202392 2TEMP,ARER) _
82283 C IF IK=1 THIS‘SUBROUIINE WORKS ON SYSTEM 1
20204 C IF IK=2 THIS SUBROUTINE WORKS ON SYSTEM 2
2023235 REAL _IN,1SCO,IMP,ISC, IL
20206 F(T)=(1.=EFF)XEN=H1 % (T=TAIRK)~EPS#STGMA* ((T%¥4)=(TATRK*%4))
20207 DELT=(TMAX=TF)/10. : SIGUA=5.6697E=8 : TAIRC=25.
29228 - DELT=S, . .
2023929 EN=IN¥,84
30210 TAIRK=TAIRC+273. ; TFK=TF+273.,
20211 IF(IK .GT, 1) GO TO 2
32212 ARITE(3,101) -,
. 29213 181 FORMAT(//, T30, 'SYSIEM ['./.T19, '"FLAT PLATE COLLECTOR FOR THERMAL F
22214 ___ 2NERGY AND',/,T1@,'FLAT PLATE COLLECTOR (SILICON) FOR ELECTRICAL EN
“2b315 3ERGY?,//)
23916 30 TO 3
29317 -2 ARITE(3,102)
30218 102  FORMAT(//,T32,'SYSTEM TI',/,T1d,'FLAT PLATE COLLECTOR FOR THERMAL
20219 2ENERGY®,/,T1¥, 'HAVING SILICON (EFFIC. FCN. QF TEMPERATUREY',//)
20220 . 3 CONTINUE '
98921 ARITE(3,105)
20222 125 FORMAT(T3,'TEMP'T9, 'RATE/AL'T20, 'QTHERK'T31, 'QTOTAL' 142, 'FRAC'T48,
208223 2'FRAC'I57,'F'T64, 'QU/AL'TT6, 'QTOT ' T86, 'FRAC'T93, 'FRAC'TIAL, 'F1',/,
30224 T 303,'(C)'TY, "W/M2,K'T20,'"W/¥2'T31, 'w/M2"TST,*S/W'T64, ' W/M2'TTh, 'W/M
20225 42'186,'ELEC'T42,'ELEC'T48, *THERM'T93, '"THERM ' T10¢, 'S /W' T107, 'EFF',
28226 'FI(S/WY',/7)
222327
. 92328 rK TF+I#DELT+273.
38329 TC=TK=273.
28230 IF(IK .GT. 1) GO T0 4
30231 IF(ETA3M _NE. 0.) GO TO 77
282332 CALL_MAXSI(1N,EFMAK,TEMP,AREA,VOCO,ISCO,FIFOQ)
30233 ETAINZEFMAX ; EFF=EFMAX
ana334 . 77 BRR=(TK*%2)+(TALRK*%X2) )
20235 AAA=BBB# ((TK¥¥2)~(TAIRK%%2))
39236 JUAL=EN-HI*(TK=TAIRK) -EPS#SIGMA¥AAA
20237 QELECZETAIM¥EN/100,
20338 T0.Ss_ ... ..
20239 4 CALL CHAR(EN,TC,ISC,VOC,FF,EFF,2,V0C0.18CO,FIFD)
20240 EFF=EFF/102,
208241 QUALTF(TK) .
20342 JELEC=EFF*EN
. 28243 EFF=EFF*190,
#2244 S IF(QUAL LT. @.) GO TO 59
30245 ATOT=3ELEC+QUAL
78346 PE=QELEC/QT0T : PT=QUAL/QTOT
2223417 RATE=QUAL/ (TK=-TFK)
30348 ETA2=QUAL/EN
20249 CFP=420,%ETA2  +10,
#0358 ' IIHERM=,5%(1,=TFK/[K)*QUAL
20251 QTOTAL=QELEC+QTHERM
800252 PQE=QELEC/QTOTAL ; PTH=QTHERM/QWTOTAL
20353 F1=(CFP+CFPSI)/QTOTAL :
20254 F2=(CFP+CFPSI)/QT0T
30355 PE=PEX109, : PT3PT#100,
20356

PUE=PQE*104, < PTHIPTH*1M3.
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ONIWD  LNJAGXB,FOR FORTRAN V.4(213) /KT 15=SEP=75 9:05 PAGE 1=1
20257 . F3=(CFP+CFPSI) /QELEC .

20258 ___.ARITE(3,1@4)TC,RATE,OTHERM, QTOTAL,PQK,PTH.F1,QUAL,QTOT,PE.PT,
20259 : 2F2,EFF ,F3

9260 104  FORMAT(IX,F5.1,1X,F10.4,1X,1PE16,3,1X,E10.3,1X,8PF5.2,1X.F5,2,1X,
20261 2F9,3,1X,1PE10,3,1X,E12,3,1X,0PF5.2,1X.,F5.2,1X,1PE12,3,1X,0PF5.2,
80262 31X,F19.2)

80363 59 CONTINUE

39264 ___IF(IK LED, 1) WRITE(3,82) EFMAX,TEMP

28265 89 FORMAT (11X, 'MAXIMUM EFFICIENCY= ',F1@.3,' AT TEMP. OF ',F12.3,
‘20356 2' DEGREES CENTIGRADE')

19R267 JRITE(3,1@7) QELEC,CFPSI.

20268 1807  FORMAT(1X,'QELEC = ',1PE19d.3,2X,' w/M2 COST OF SIL1CON = !,
20269 2 2PF19.2," $/M2',//)

podlo —.___RETURN

308271 END

SUBPROGRAMS CALLED °*

_CH&R
MAXSI F
|

SCALARS AND ARRAYS_ [ "#" NO EXPLICIT DEFINTTION = "%" NOT REFERENCED )

*CFPSI 1 #AREA 2 %TL *FIF0 3 *EN 4 *EFF
*PJE 6 _RQTOT_ 7 JFAREA 10 *FF B *H1 12 *QUAL
*IK 14 *pT 15 3 IMP *TFK 16 £DELT 17 xTF
*EFMAK 21 ¥PTH 22 *QTOTAL 23 *TALIRC 24 1sCO0 25 ¥ETA2
ETK - 21 *QTHERM 34 *F3 31 *CPP 32 *¥QELEC 33 15C

.50008 35 ¥F2 36 *RBA 37 *VOCO 40 IN 41 ¥ETAIM
¥TEMP 43 *RATE' 44 *THAX 45 *VOC 46 ¥J 47 ¥F1
¥PC . 51 °  _*PE__ 52 *TATRK 53 *EPS 54 KAAA 55 *XSIGMA
TEYPORARIES

LONT16 325

ONTWO [ N0 ERRORS DETECTED ]




69

THRFO

an2a

anon?
Anza3
32224

. 32225

23226
222827
Ad2a28
A2229
22219
23211
A2212?
a3
22214
22215
AD216
232117
2441H
39219
23229
22221
22222
22223
ANd724
22225
Aanr2e6
202217
22428
32229
22232
29231
22232
22233
22234

27235

20236
22237
22238
22239
22242
0241
22242
32243
227244
23245
22246
20247
22348
20249
22257
22251
22252
22253
22254
24255
2256

LNJISXR.FOR FORTRAN v.4(210) /K1 15=SEP~T5 9:05 PAGE 1

an

tda

3
131

2

142

1914

w

SUARDUTINE THRFO(IK, TMAX,CFPST, Ia,FPS,V0C0,1SCO,FIFO,H1,TF,ETAL,
24AREA)

IF [K=3 IAlS SUHBROUTINE AORKS ON SYSTEM 3

I[F EX=2% THLIS SURRQUTTINE WORKS ON SYSTeM 4
CREAL IN;15CO,1%P, 1L, [SC L

S{IIS(1 ~KFF)1#E=2 ¢ ¥ F=TALRK) =2 , ¥FPS*STOMAXK( (T*%4)=(TATRK¥%¥4))

PL=3.1 415926536 SIGMA=5,6697F=8 : TAIRC=2S.

DELT=(IMAX=T¥} /20, H FALRK=TALIRC4+2173, : TFK=TF+273.

DELF=1A, ’

TR{IK .GT. 3} GO (01

WRITE(3,120) . )

FIRMAT(/7/,139,'SYSTEA JII',/, 11, '"CONCENTRATOR WIPH GA-AS SOLAR CF
2LLSY, /7))

33 0 2

YRITE(3, 121)

FIRMAL(//, 30, 'SYSPEY TV, /,T1v, "CONCENTRATOR WITH SILICON SOLAR C
2ELLS', /)

CONTIdUE

ID1=39, ?  CIrH==2v,

30 52 J=t,15

CPA=CIH+DDI

IF{J .GT. 4) CIH=SCTH+249,

IF(Ld JGP, 6) JAND, (IK LEQ, 3)) CTH=IAR.+(J=8B)*1PB.

IF(d.Gl.8) JAND. (IK (EQ. 4)) Gu TO %2

CG=CFPSI

CCON=1an +ELAL ¥R,

AR{TE(3,142) CTH, ETAL1,CCON,CG .
FORMAT(/,14,'"CONCENFRATION = ',F1¥,1,5%X,'FURNACE FACTOR = ETA1 =
2',F14.4,7,1X,'COST OF COMCENIRATOR = ! ,Fi¥,2,2X,'COST OF SOLAR CEL

2L = 8 ',K12,2,77)

ARIE(3,124)

FORAAT( P, ' TEMP' TS, 'RATE/AL'T24, "UFLEC!'T31, ' OTHERM'T41, 'QTOTAL'T53
2, 'FRACYESY, "ERAC ' TOH, TEFF! T2, 'F' T3, 'QU/AL ' T94, 'UTOT'TiR4,'F1TI1
34, 'FRACYTL21,'FRACY,/, T3, (C)'TO, '4/M2.K'T20, "W/H2'T31, 'w/M2'T4T,
AVA/MAT IS PELECT 59, P THERM ' TT72, ' s/w ! TRI, "W/M2'TY4, ' W/M2'T174,
SYS/KYYT114, "FLEC E121, ' THERM'T127,'Fi(S/W)Y,//)

ESFTAT*Iw#C'TH

20 52 I=1,2¢2

FK=TF+1L¥0ELT+273,

PC=TK=273.

IF(IK .GT. 3) GO TO S .

CALL CHAAR(E,[C,ISC,VOC,FF,EFF,1,v0C0, ISCO,FIFO)

39 10 6

CAf,4 CAAR(E,TC,ISC,VOC,FF,EFF,2,VOC0O, 18CO,FIF0)

JLLEC=EFERE/ (104, ¥CTH)

IFFzRFFP/ 184,

JWAL=G{ I'K) .

TE(IUAL LT} GO TO 52

RATEZIUAL/ (PK=TFK)

C2=Ca/CIH

APHERAZ 54(] ,~TFK/ IK) *QUAL/CTH
,d2=0UaL/CTH

ATOT=A2+4 IELEC

JTOPAL=JELEC+UTHERY
PE=QELEC/QTOT ¢ PT=02/43TOT

PIE=QELEC/QTOTAL PTH=QTHERM/OTOTAL



oL

THRFO

A3257
A2258
A2359
A0262
22761
ANDR2
32263
22264
22265
A22R6
22267
2268 52
29269

ADRAIA

193

LNJEXB,FUR

FORTRAN V,.4(212) /KL 15=-5FP=175

F=(CCON#C2)/73TOTAL
F2=(CCuN+C2)/0TOT

F2=F2%1299,

PEZPEFLAY, : PT=PT¥lva,
PUIZPOELIVY, 3 PTHZPTHRINN,
¥3=(CCIveC2) /UELEC

EFFSEFE*100.

ARTEL(3,123)TC,RATE, DELEC, UTHERM,QTOTAL, PQE,PTH,EFF,F,QUAL,JTOT,¥2

2,PE,Pl ,F3

9:05

PAGE 1=1

FORMAP(1X,F5,.1,1X,1PE1?,.3,1X,E10,3,1X,E10.3,1X,F10,.3,1X,2PF5,2,1X,

2FS5,2,1%,F9,2,1%,1PK19,3,1X,E1v,3,1X,F160.3,
3L, E5,.2,1X,F5.2,1X,F7,2)

CONT I

RETHIRA

AT

SUBPROGRAMS CalLLED

CHAR

~
[}

SCALARS AV) ARXAYS [ "x»

*CFPST )

¥Qro7T 5

*QUAL 13
¥TF 29
¥QTHERM 26
*ETAY 34
ERATFE 42
F 59
Q2 56

TE¥YPORARIKS
JTHR1G6 342

THRFQ (S )

NO EXPLICUL DEFINITION « "¢
$AREA %{L fFIFO 27
R 17 1 Y ¥FF 7 *H1 14
£[X 14 L O ) % 1MP
£PTH 214 ¥QTOTAL 22 *TATRC 213
LI 27 +J 3 *QELEC 31
ANAN 35 *F2 36 AVOCOo 37
¥CCON 43 *THAX 44 #V0C 45
+TC 51 *PE 52 ¥FIATRK K3
¥31G4A 57 ¥CG 60

ERHIRS DATECIED )

11X, 0PF12,2,1X,

NOT REFERENCED )

¥EFF
Pl
K
18C0
IsC
IN
¥CTH
*DD1

3

11
16
?4
32
49

54

*PQE

*E

¥DELT

¥TK
.S50041

*¥C2

¥1

*EPS
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FIVE

" LNIGXB,FOR FORTRAN V,4(212) /KI 15~SEP=175 9:45 PAGE 1

SUBROUTINE FIVE(TMAX,TF,IK,CFPS1,1N,FPS,VOCO,I8CO,FLFO,HI,ETAINM,

30201
20222 2ETA),TEMP,AREAR)
20223 C THIS SUBROUFINE WORKS ON SYSTEH S
20224 REAL IN,L1SCO,1SC,IMP,IL
_ 20305 _ _ G(I)SE=2,%H1¥(T=TALRK) =2 *#EPS*SIGHMA((T*%4)=(TAIRK$%4))
202306 ’ NRITE(3, I41)
20237 . 301 FORMAT( +//,T30,'SYSTEM V',//,T14, 'CONCENTRATOR FOR THERMAL ENERGY
__90298 ___ ____2 AND SEPARATE SILICON SYSTEM FUR FLFC. ENERGY')
20329 P1=3,1415926536 @ SIGMA=S.6h97E=8 : TALRC=2S.
. 00210
20211
20212
20213 np1=39, +  CTHz=29,
22214 .. .0DQ 59 J=\,8
. 32215 CTH=CTH+uO1
30216 (F(J .GT. 4) CLHSCTH+2@.
323117 CCON=10d,+ETAT*80,
32214 CFP=CFPSI
323319 LF(ETA3M ,GT. ¥.) GO TO 3
222209 CALL MAXSI(1W,EFMAX,TEMP,AREA,VOCO,]1SCO,FTFO)
20221 ETAIMSEFMAX
29222 3 JELEC=ETAINK(,94)%IN/100,
30223 ARITE(3,192) CTH,ETA1 ,CCON,CFP,ETA3IM,QFLEC
28324 102  FORMAT(/,1X,'CONCENTRATION = ',F1¢,2,2X, 'FURNACE FACTOR = ', .
39225 2F19,.3,7/,1K,'COST OF CONCENTRATUR = ',F10.2,2X,'COST OF SILICON = ¢
38326 3,F10.2,2X,'NAX EFF OF SILICON.= 1,F1A.2,/,1X,'GELEC = ', §12.2,7/)
2082217 ARITE(3,124)
33228 184 FORMAT(T3,'TEMP'TY,'RATE/AL'T24,'02 'T31,'QTHERM ! [41, 'QTOTAL 153
23229 _2,'FRAC'T59,'FRAC'T66, 'EFF'T72, 'F'T83,'0U/AL ' T94, 'OTOT ' T104,'F1'T11
30330 34, 'FRAC'T121,'FRAC',/, T3, (C)'TY, " W/M2.0"'T20, " w/M2'T31, ' w/¥2'T31,
292231 4'W/M2' 153, 'ELECYT59, "THERM 172, 'S/ ' TH3, "w/M2'TG4, 'w/M2'T1 24,
28232 5'S/KW'T114,'ELEC'T121, "THERMITI2T,'FI(S/W)',//)
92233 E<FETAL Lv+CTH
32234 DO 54 I=1,15
20235 e DK=TE+I¥DELT+273,
30236 TC=TK=273.
20237 © QUAL=G(TK)
29238 IF(QuUalL LT, ®.) GO [0 S&
32339 RATE=QUAL/ (TK=TFK)
20240 ITHERM=,5% (1, =TFK/TK )} ¥QUAL/CTH
202341 o _BIOTAL=QELEC+OTHERM
20242 PRE=QELEC/QTOTAL ¢ PTH=QTHERM/OTOTAL
20243 F=(CCON+CFP)/QTOTAL
20244 22=QUAL/CTH
20245 : Ar0T=02+QELEC
30246 PE=QJELEC/QTOT ; PT=Q2/0QTOf
202417 __ F2=(CCON+CFP)/QTOT
30248 PE=PE#102, ! PT=PT*100, : FFFSEFF¥100,
20249 PQE=PQEF14Y, ¢ PTH=PTHX14Y.
__2basa___  F2=F2%199%0.
308351 EFF=ETA3M .
323052 F32(CCON+CFP)/QELEC
28253 . MRITE(3,193)TC,RATE,Q2 LATHERM,OTYOTAL,.PQE,PTH,EFF,F,OUAL,QTOT,F2
20254 2,PE,PT ,F3 )
202355 - 183  FORMAT(1X,FS5.1,1X,1PE10,3,1X,E10.3,1X.EIV.3,1X,E19.3,1X,9PF5.2,1X,

2E5.2,ll.FS.Zflx,IPElﬂ.B,1X.El?.3.1X.Elﬂ.3. tX,8PFR.2,2X,
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© FIVE  LNJGKA,FOR

FORTRAN V.4(214) /KT

2302357 ILN,FS.2,1X,F5.2,1X,F7.2)

20258 5@ __ CONTINUF
39259 RETURN
20262 END

SUBPROGRAMS CALLED

G
MAXSI

15-SEP-T75

"SCALARS AND ARRAYS [ "#" NO EXPLICIT DEFINITION = "&" NOTP RFFERENCED' )

-~ _¥CFPSI . _1.. ..____¥AREA
*QTO0T 6 VP
xIK ¥pr

. SEFMAX 29 *PTH
¥QTHERM 26 ¥F3

.52201 33 ¥ETAL

___¥ETA3M _41 . ¥Tg4pP’
%1 47 e -
*EPS 55 Q2
TEMPORARIES

__ .FIVis 302

FIVE [ ND ERRORS DETECTED 1

2
7
14

I

27
34
42
50
56

310
¥H1
%IMp
£QTOTAL
xJ
50000
*RATE
¥TC
¥S1IGMA

14

2
30
35

43 -

51
57

*FT1EO
*PI
*TFK
+TATRC
¥CFP
*E2
*CCON
¥PFE

3
11
15
23
31
3f
44
52

*EFE

*E

*DELT
18CO

¥ELEC

*V0Co
*TMAX
#TAIRK

PAGF 1=1

17
16
24
32
37

53

*PQE
*QUAL
£TF
7K
%ISC
™
¥CTH
D01

13
17

49
46
54
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MAIN, LNIGXALEFIR FORTRAN V,.3(21¥) /K} 15=5FP=75 9:45 PAGE "1

AADM o SYSTEY AMALYSITS

ANA42 DTAE 3104 CURK(26),V0L(26)

22243 ’ REAL[SC, 1P, 15C0O, TL, TSCH

ARB44 REAL [3CW3, 18CO0S8,IN

APALS Akals 3o LSCS

232296 ivs20 7 TeMpPs4A, 7 wTASM=SH, ¢ 1TIwk=a,

24227 ARKA=S M,

AP20HM C 81 SOLAR CEuL DATA

A2329 1A (1I2E=T 1 1F ¢

22210 REAN( 2,220, 1,V0C, ISC,FF,EFF, A0, ICODE, LAST

aront 2049 FOIRIAC(I(F1LALM),2(005))

22M 2 ARI I (3,441, 1, VIC, ISC,FF,HEF, a0, ICOPE,TLAST

AA213 rZa FORAATILL,T(FK12.59),2(15))

A27214 CAub LeITL(R, ¥, VOC, I8C,FY,EFP, ICODE, VOCn,1SCO,F1F0)
AAALS [ECICONE (GT. 1) Gd o 7101

A221 64 ARLTE(3, 292)

23217 242 FORAAL(//,1K,'GA=AS SOLAR CELL DATA',//)

2221 VoCOs=vnCo 3 TSCOG=ISCQ ¢ FHPUGSEIFN  ;AREAG=AREA

22219 AR {4,293, T,VOC, [SC,FF,EFF, VOCO, 15C0,¥FLFO

22024 203 FORAATLI A, P UMY FASTIY = ', Eldasb, I, "1F¥P = 1,F10.2,2X,'V0C =',Fln,.5
24201 2,2X,18C = 'LE10,5,/7,1X,"FILL FACTOR = ', F10,5,2X,'"EFFICTENCY = 1,
AA2272 IF1a.5,2v, Z,10,V0C0, TSCOLFIFD = ' ,3(2XF14.6))
272223 30 fy 742

AAN24 EA) NALTR(3,294)
AN225 214 FORSAT(//7,1%,'STLICON SQLAR CRLL bhaTA',/7)

32326 vICNS=VICy [SCO3=18CO  » FrrOS=tIF0Q *AREAS=AREA
20727 ARLCECS, 2930, U, V00, LSC,FE,EFF, vVoCo, ISCO,FLFD

AMAA2K 722 LEQETLYME (L. 2) GO TO 7o

22824 Cauvl EFFLC(VOCOG, [SCOG,FIFIG,VOCOS,1SCUS,FTFOS)

22032 c REA) SYSTEY PARAME[ERS

28931 < [¥= IE4PENaTIRE OF FLULD

28432 C KEA1=FURWACKE kACTOK = RETWEEM .3 AND .75

22233 C v = COSF OF (Ga4=AS (F+d4 DNLLARS)Y V=90 ,81,74,60,50, OR 4¢
23734 c [N LALKG3LEY OF SOLAR RAUTATIQN T w/wM?

22238 c EPSTEAMISSITIVITY OF CONCENFRATOR

222136 C Hiz CONVECTLION HEAT LOSS COEFFICIFNT IN wW/#2,.K

22237 49 READ(2,931) r¥,ETal,Vv,EPS,H1, 14 ,LAST

AAL3R 931 FORMAT(b(FL1E W), I5)

22235 MR[TR(3,QH1)TF,ETA1,V[EPS,H1.IV,LAST

ANdAN 981 FORMAT(1X,6(F12,5),15)

2224 LE(TE ,GF, Hun,) GO FO 932

23242 JJ=1

27343 30 1) 934

anaaa 932 Ji=3
28745 931 K=y

2A%d46 c CI3 = CuSt 0F SILICHN

22247 CO5=31490,

227244 CSPFP=CNS+54,

2224y Legik 6T, 2> GU TN 936

AA252 Capl O4Fd9(1vv.,C8PFP, 1,1V, EPS,VOCNS, ISCOS,FIFOS,H]1,TF,ETA3M,
ANA51 204P, AREAS)

A2252 CALL ONLAY(1I99n,,C058  L2,1N,EPS,vOC0S.15COS,FIFOS,HL,TF,ETAIM,
22253 2rEP, AREALS)

ANd54 CAGL THREFO(3,3420.,(V*1,0k4),EN,KPS,VOCOG, ISCOG,FIFOG,H1, TF,ETAL,
22355 24R7E4G)

22256 CALL raRFO(a,184.,C08 L IN,FPS,VOCUS, [SCOS,FLFOS,HY,TF LETAY,
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MATN, LNIGKRLFIR FORTRAN V,4(21M) /K] 15=8FP=75 9:45 PAGE 1-1
apas7 24REAS)

33258 CALI FLVE(SeY,,TF,5,CSPFP, IN,EPS,VOCOS, ISCNS,FIFOS,HI,ETA3IM,FTAL,
222359 2TEMP,ARSAN)

AP2bA 59 19 »582

20061 93n CONTLwUR

222h2 CALL THRFO(3,340,, (V4L _ 0Kd),IN,FPS,VOCOG, ISCOG,FIFOG,H1, TF,ETATL,
22763 2AREAG)

2D264 CALL [H4RF0O(4,184,,C08 ,InN,EZPS,v0C0S,1SCOS,FIFOS,HL,TF JETAL,
3A2RS 28REAS)

LY RIS CALL FIVE(S3wA,,IF,9,C3PFP,IM,EPS,VOCOS,IS8C0S,FIF0OS,HY ,ETA3M,ETAL,
22267 2IEAP, 4RKEAS)

22264 552 (F(LasST ,GIr. ¢) GO 0 39

22269 LF(LAST ,GI'y =4) GU JO 501

22272 ) 542 KK=1,7 N

28271 HEES12 .4 (XK=1)%2,

AAATD LTiavd, 2 =25, r VOC=1,8 7 1SC=e.019 3 FF=G.B5 § AMD=A,
20273 cweg =9 . .

222178 CALL WNTTRCE, T, VOC, FSC, FF,EFE, ICODF, VOCO0,ISCO,FTFO)

23275 WRELK(3,292)

22276 VOTHS=VACY ¢ 18COG=I1SCO ¢ FIFUG=FIFO :ARKAG=AREA

2091717 ARTIF(3,2931,T,V0C, LSC,EFE, EFF, vOC0.1SCO,FIFO

ADDTIN CALL THANFD(3,340., (VE] ,VEA), IN,EPS,VOCOG, TSCOG,F1FOG, K1, TF,ETAL,
AnATO 24niCAG)

ANIRD 542 CONTL K

AA281 CALL INIPL01998,.,25,,1.9,15C,.85,15..1,V0COG,TSCOG,FIFOG)

AR2R2 51 COAT N
23283 543 READ(Z2,931) [F,LTal,v,res,HL, TN, LAST

EPELY Z03z)4a0,

ApAns CALL THRFN(3,330,,(Ve1.AE4), IN,FPS,V0C0G, 1SCOG,FLFOG,H1,IF,ETAL,
22086 2AKKATS)

AR2K7 CALL FAREDI(A,144.,C08, 1N, EPS,VNCOS, ISCNS,FIFO0S, HT, TFLETAL, ARFAS)
ARDRE F{LAST JEN.=1) GO VO Sa3

AAAKG STOP ' SMORAAL EAD?

22292 AD)

SUIPROGEASS Taligr e

erys

EFFIC THRF. [N O

SCALARS A4 aRRAYS [ "' w0 EXPLICHUT DEFIRITION = "' kOT REFERENCKD ]

¥vOC0s 1 LR 3 2 1SCcoG 3 AELEQ 4 1L *J.)
¥EFF A T 7 +EF 1d ¥H1 11 PITIME 12 *E

L2 A id 1 CODr 15 i 4P *VOCOG 1A ¥LAST 17 ¥AREAS
xVIL ¥CxPre 2 T 22 *FIF0S 23 Y 24 18CO
KK 24 15C 27 xela 3 FARKAG 31 - SV 42 %ISCG
¥FIFOG 33 kJy.CH 34 *40) s I 36 1scos 37 ¥ETA3M
*CIS 41 FIEAP 12 %15C3 *v0C 43 %¥CURR ¥EPS

xISC1 LR 15

13 -

2@
25

42
44



APPENDIX B

COMPUTER PROGRAM FOR ANNUAL ENERGY PRODUCTION
OF SYSTEMS III, IV

75
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TMAIN, LN8LB2,FOR  FORTRAN V,4(210) /K1  18eAUGe78 19122  PAGE ¢ T o

Toooet SUBROUTINE BLOCK T T T
00002 DIMENSION XK(8)

_@0003 . . _ ___ COMMON EFF,CON,CELL1,CELL2,N,XI,XM,ETAL, XK, TF . L - _ -
gocod WRITE(3,233)
02005 233  FORMAT(’1’,1X,”GA=AS SOLAR CELLS®,//)

_2PpRs. —WRITE(3,208) EFF,CONsCELL1,CELLZ/ETALTE_ . e
86pa7 200 FORMAT({X,’EFFICIENCY & °,F8,3,2X,°CONC COST 2%,F10,2,/s
#0008 21X, "COST GAeAS u’,F{2,2,2X,"COST SILICON x°Fi2,2,/,

_@0peS __ ___34X,"ETAL ® *F10,2,2%X,“FLUID TEMP #/,F(D.2,//) . e e
00012 CALL PERFOR(,EFF,CON,CELLL,CELL2,N,XI, XM, ETAL XK, TF)
00p11 RETURN

C0P0L2  END . oo — -

_COMMCN BLOCKS. . oo o el e
/oCOFP.’(Q:‘)

_EFE. .. _a0 CoN 21 CrLLY  #2 CELLZ _ . #3% .. N _._  #& . ... _
X1 o8 I +6 LTAL *1 XK *10 ™ 20

_ 8UBPROGRAMS_CALLED _ L e e
PERFCR

"TSCALARS AND ARRAYS [ "#" NO EXPLICIT DEFINITION = "8" NOT REFERENCED ) T - - )
TlHPC?AP:zg

BLCLE 46 -

. BLOCKY _ [ NO ERRORS DETECTED )
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TMAIN,  LNSLB2,FOR FORTRAN V,4(218) /KI 18=AUG=T8 19122 PAGE |

ooent SUBROUTINE BLOCK2

2a002 DIMENSION XK(8)

2peed . __ __ COMMON EFF,CON,CELL1,CELL2,N,XI,XM,ETAL,XK,TF e e
goacd WKRITE(3,234)

00005 234  FORMAT('1’,1X,’SILICON SOLAR CELL8’,//)

. Pepeé _____ WRITE(3,200) EFF,CON,CELL1,CELL2,ETAL,TF -

2007 200  TORMATC{X,'EFFICIENCY = *#,F8,3,2X,"CONC COST ®°,F{0,3,/s

2eepl 24X,°CO5T GAwA3 =°,F12,2,2X,°CO5T SILICON %°F12,2,/,

00009 . _ . ¥X,"ETAy ® °F16,2,2X,°FLUID TEMP w»*,F19.2,//) e e e
- 90019 CALL PERFOR(Z;EFF,CON CELL}, CELL?;N,X! XM, ETAL, XK, TP)

22914 RETURN
. deeL2 END I R _— —

_COMMCN BLOCKS

/,COMM, /7(+21)
_EFF_ s@ _ CON___ %  CELLY_ _+2__ _ CELL2 3 N ____ +4
Xl *S XM +6 ETAY *7 XK (2V] TF *20

SUBPROGRAMS CALLED

"PERFCR

TEMPCRARIES

TUBLOTE 46
_ BLOCK2 ( NO ERRORS DETECTED )




8L

"PERPCR  LNSLB2,FOR

|11 3% SUBROUTINE PERFOR(ICODE,EFF,CON,CELLY,CELL2, N, XTI, XM, ETAL,XK, 1Y)
90002 gIMIHSION XKC9),DAYM(12), XINC12),TATIR(12),0E¢12),QUSE(12),QWORK(12
- 80003 | _ 2 . .
200204 FLTC, X, Y ) ZINETARS (1 ,»BETAR(TCoTRK) J#ETA{ #XaCTH-ETA 0 XaCTHs 2,0
enoes 2 HIe(TCoY )42, wEPSeSIGHAS((TCuud)o(Yuud))eZalTC=TFK)
_epee6 FECIC, Xo Y, 2IW=ETARABETASETAL9X4CTH4 0 . SEPSHIIGHAR(TCHSD) . __
geee? 2 *2,8H1+2
goeos DAYM(1)®3y, J DAYM(2)w28, ) DAYN(3)=31, 1DAYN(4)m10,
. 90209 .. DAYM(S)®3), .t DAYM{6)=30, 3 DAYM(7)=31, y DAYM(B)=s3i, _ -
gcoqe DAYM(9)=3G, 9 DAYM(12)=%31, 1 DAYM(i11)=33, § DAYM(12)=34§,
gooty TAIR(1)=1@, 3 TAIR(2)w1Q, 3 TAIR(I)=28, 1y TAIR(4)m20,
—9deni2___ JTAIR(S)Im20, _ 9 _TAIR(S)n32, 3 TAIR(7)w32, 1 TAIR(B)®m32, _ . _ _
2001) TAIR(9)m20, 3 TAIR(i0@)w28, ) TAIR(11)=20, Tllﬂtlﬁ)liﬂu
80014 XINC1)=?,8 3 XIN(2)=mG,8 ) XIN(C))=29,3 ) XIN(4)n9,8
_.peays __. . XIN{5)m9,8 __y . XIN(C6)®m9,7 _y_ XIN(7)39,% 3 XIN(8)=9,8 . _ _. -
20016 XIN(9)®8,8 3 XINC1Q)®0,0 | XINC11)»7,3 ) XIN(12)m7,2
T e’ DO 1 J=1,12
_00Q18 __ ¢ XIN(JISXINCIM/Z24._ _ . .. . .. o .. el
00049 WRITE(),99)
gorze 99 FORMAT(T38, *PFI(J)STOTAL ANNUAL COST/DEN(J) J=1,2,3°,/,720, "WHERE}
L 00P2Y  _ ___2%:/¢ TYID,*DEN{1)uBUMMATION QELEC’,/,T30,’DEN(2)%SUMMATION QUSE’,/,
00022 3130, 'DEN(I)nSUMMATION QWORK?,///)
0002) Hi®s,31%5 ) BIGMAs=S, 6697E-11 } EPSms,04 1y TRm35,) ETAR«EFr/1g9o0,
_0M924 DO 2 Key,08 e e e o
00225 HPITE(!;995) XK(K)
20026 998 FORMAT(/,1X,°(MDOT#CP/AREA ABSORBER)®’,F{g,4,/)
.00027 __ __. WRITE(3,100)

#0228 1.00 IQPHAT(TJ"CONC'T!!;'IEIF'Tzio'Pilti)'Tae.'PFI(z)’TSG;‘PFI(J)’IGS"DE
e20129 2°DEN{1)°T84, DEN(2)°T96,°DEN(3)*,/,T11, ERGCIL*T21, *$/KWH’T36, 78/KWH
_Peed2 ___ JHUTS{,*S/KWHPTE6, 'KWH/M2eYR*TH], "KWH/M2=YR*T96,  KWH/M2aYR?y//)

0003} IF(ICODE KO, 2) GO TO 3
0060132 TCaTF+5, § BETAx,3024 ¢ TCMAX=441, 3 CCELLmCELLY
L0203 . GO TO 4 L . . . [,
20234 3 TCaTF+5, 9 BETAm,¢p4l ) TCHMAXw248, y CCELLsCELL2
¢62135 4 CONTINUKE
_88m36___  TCKeTCe27), ¢ TFKaTF+273,  )TRK=TR4273, - . _
eeel? TYSXKCK) ’
[LL3]] IF(TY ,LE, ,1) IDELsS
. 00239 __IrP(TY ,GT, ,2?%) 1IDELmi@ _ e .
[I-I-11] IF(TY ,GE, ,6) IDEL=22%
ag04! IF(TY ,GEZ, ,8) IDELmSQ
_90e42 __ ____ CTHm=p, o - i B
0004) 10 CTH®CTH4IDEL
02044 DO 6 Jni,12
_ 080045 TAIRKETAIR(J)}+27), . .
[J-L.21} ICCsg
80047 18 ICCaICC+y
_pepAs_ _ _ IF(ICC .67, 50Q) STOP_°CONVERGENCE_PROBLEMA®
[LT.L}] JCKISTCKeF (TCX, XIN(J), TAIRK,XK(K))IlP(TCK:XIN(J) TlIRKaXK(K))
[ T.1-111 IF(MBS{ICK {=TCK) ,LLT, 1-8!-3) GO 10 16
__@eesS1 . . ICk=TCKY . e e e e
e98%2 GO T0 1%
[-LI.1}] 16 TCaTCKe27)3,
—000%4 _____ _RRey,*BETA&(TCeTR)._ [
[ J.I'1}] TF(RR ,LE, &,) GO T0 8.
[ L1111 QCOOLaXK(K)#(TC=TF)

FORTRAN V,4(210) /KI  18wAUGe?S

19122

PAGE 1

RS
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"PERFCE  LNSLB3,FOR

opase

00062
22261
2862
@006}
ocosd
200865 |
00066
002367

. 80068

eepbs
0097¢

89974

924

_daese

~r

00972
80273

80075
8076
22017

T geoare

202979

aoell
00082

2

BCITEY -

eeosy _ &

 DENISDENI4QWORK(J) _

FORTRAN V,4(210) /KI 18aAUG=TS

19122

PAGE feg

CE(JISETALeXINCI)#CTH4ETARS (L *BETAS(TC»TR))
CWOPRK(J)w ,Su(1,TFK/TCK)#GCOOL +QE(J)
auszta)-oztd)oocaoh

00 7 Jsy,12
GE(JISCE(J)#24,8DAYN(])
QUSE[J)RQUSE(J)#24,8DAYMLY))
CWORK{J)ImQWORK(J)®24,%DAYN(J)
DENi®sp, 1 DEN2sg, 1 DEN3I=p,

DO B Juy,52 - [
DEN{EDEN{+QE(J)

DEN2%DEN2+QUSE(J)

DEN{sDEN{/CTH 1y DEN2WDEN2/CTH

CCOSTEZCONCETA1%0a, ¢ CCELL/CTH
An(f,¢XI)aeN

As(AeXI/ (A=, ))oxH
XNUMaBeCCOST
Prn-xnumo:m_l~
TIsPF12+PFI)

WRITE(3,200) CTH,TT,PFI1,PFI2,Pri3,DENL,DEN2,DEN]}

FORMAT(1X,F7Y, 202x-r9 3,2%,6C8X,{PE14,%))

CONTINUE

IFC RR GT, #8,) GO TO 0

CONTINUE _

PrI?sXNUM/DENZ )

RETURN
END

SUBPROGRAMS CALLED,

ABS,

TBEALARS
__JFe2eY

XK
®TRK
XIN
JFozez
oCELL?
L 1)

Thseeen’

T#8IGMA

(34
Jeee4

-_TEMPCRAR

+PEPLES

TPERFCR

1 4

DEN3IWDENI/CTH

_PFIJ=XNUM/DENY

AND ARRAYS { *&" NO EXPLICIT DEFINITION = "%" NOT REFERENCED )

i

b

30

¥ .
71

7
20

162
170

176
1E8_

827

120
126

) .reee: 2 TAIR 3 sEFF 17 _ #DEN2 20
2) #BETA 24 #CCOST 2% oK 26
onznx 3 #TR 32 «B 3 #ICODE 34
eTCKy 82 QUSE * 53 _ eTFK 61 *TF 78
sCON 72 «1CC 1) *PFI2 74 *X1 78
*0COOL  y1pe . 161 #PFIT 102 QE 103
8008 121 .S50002 122 SETAR 123 ___ .8¢@01 124
CELLY 127 QWORK 130 Foeos 144 +FO00s 145
STCHAX ' 163 *CTH 164 *ICK 165 »TT 166
__.Fea@d 171 #TAIRK 172 ®RR 173 __ sEPS 174
*CCELL 177 o1y 200
,00223 330 «Qaeas 33t 188002 332 .20283 333

{ RO ZRPORS DETECTED )

__'IDEIJ 2
*HY 27
#PFI) 3s
8, Foe06
#XKUN 76

Seond 117
__SETAt 128
DAYN 146
#7C 167

_@DEN3 478

. wey
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SDATA LNSLB2,FOR FORTRAN V,4(210) /XI 18=AUG=7S 19122 PAGE
[LI.I'}} SUBROUTINE SDATA(BETA, TCHMAX,Hi,IN,ETAL,TF,EFF,TAIR,XK)
00002 REAL 1IN

.. 80003 _ __ ___DIMENSION XKX(®)_____ _ . . _.. . L L - et i I — e -
LL.I.IL] 81GMA®S ,6897Eeyy ¢ EP3m,04 1 ETAR«EFF/100, » TRe2Y,
eaaes DO 2 Kmi,8

_@00e8__. ______ WRITE(3,99%) XX(KX} _. et e,
90027 998 FORMAT(/,1X,* (MDOTSCP/AREA ABSORBER)®’,r10,4,/)
FLIT.] WRITE(3,100) ) , N

_ 90009 _._ 1#0. _ _FORMAT(TI,"CONC’T14,°TEMP*T26, "QELEC’T41,*QCO0L TS6, *QWORK 174, QLT 186, U
edate 27°T86,QUSE T2, "QELEC/QUSE"T116, "HOUT/QUSE’,/)
goo1y TCsTFeS, | TAIRK=TAIR+273,

—8P012 __ TCKeTCe27d,._ ... e e L e e e S I
20913 4 CONTINUE .
geald IF¢ TC ,GE, TCMAX) GO TO 8

- 00018 AR2,H1e({TCeTAIR)+2,4EPSwSIGHAN((TCNu®4)»{TAIRK##4))4XK(K)#(TCoTF) e e e e e e e e e e
24016 BsETALsINe (1 ,=ETARSETAR#BETAS(TC=1R))
[I:I-1%) CTH=A/8 y QCOOLIXXK(K)&(TC=TF)

_Boa18 _ QESETASsINGCTHSETAR®(1,=BETA®(TCeTR))___ . _  __ .. . .. .__ .. ._ e e e e e e e e e e e+ i,
20219 WOUTo ,5e(1,=(TF¢27),)/TCK)¥QCO0L
80922 QUSERQE+QCQOL

_@002% ________ QWORKEWOUT#QE _ __ . e e e e e~ o . - __ . _—
e0e22 GLTsQCOOLeWOUT
2002) FRAISQE/QUSE ¢ TFRA2aWOUT/QUSE

_ 92024 WRITE(),200) CTH,TC.QF,QCO0L,QWORK,QLT,QUSE,FRAL,FRA2 .
9025 208  FORMAT(1X,F7,2,2X,F8,2+6X,7(1X,1PEL4,8))

00026 ICaTC+20,
00027 _ __ ___ TCKsTC+27), _ _ _ e e e s S, e e e e o - [ -
o2 GO T0 4
92029 L] CONTINVE
~2p@¥e___ 2 CONTINUE —- —
20034 RETURN
032 END

.BUBPROGRAMS CALLED

_SCALARE AND ARRAYS [ "s® NO EXPLICIT DEFINITION = "§* NOT REFERENCED )  _

STAIR - 4 oZFF 2 XK 3 #BETA 4 X L] (3,31 L]

_eTR 7 L1 10 _WQUSE {1 eTF 12 . «FRA2 3 «0COOL 14 _
L1 4 18 oA 16 *W0UT 17 . «ETAR 29 SETAY 21 SFRAY 22
88000 2% #QWORK 24 IN 2% «TCMAX 26 QLT 27 SCTH 30
. eTCK EY R {4 n STAIRK 3) oEPS 1 4SIGMA 3% .
TEMPORARTES ' '
T L8DA1s 104 T T

__SOATA __{ NO ERRORS DETECTED )

o g O R, R R -
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MAIN, LNSLB2,FOR FORTRAN V,4(218) /KI 10eAUGe?S 191322 PAGE
gaees . MAIN PROGRAM FOR SOLAR CONCENTRATOR CHARACTERISTICS

02002 DIMENSION XK(8)

200e) __ COMMON EFF,CON,CELLY,CELL2,N,XI,XM,ETAY,XK,TF L
soend REAL IN

gaees XK(1)m,01 § XK(2)w,03 3 XK(3)}=2,06 ) XK(4)m,1 jJ XK(S)w,2%

Qo6 _ XK (6)m®,5 y XK(7)m,7% j XK(B)=,9 _ . U
eeece? BETA®,6024 3 TCMAX=d41, ) His,2¢8 5 INxS,0Ee) § ETA{S,?
agoes TFsén, 3 EFFsyS, j TAIRa2S,

#2e09 .. KPITE(),233) . - - -
22212  23)  FCRMAT(’1°,1Xs*GA=AS SOLAR CELLS’,//)

gao1y CALL SDATA(BETA,TCMAX,Hi,IN,ETAL,TF,EFF,TAIR,XK)

#0012 L WRITE(3,234) - .

82213 234 FORMAT(’1°,1X,’SILICON SOLAR CELLS’,//)

geeid BETA=,0041 1 TCMAXa268,

22018 CALL SDATA(BETA,TCMAX,Hy,IN,ETAY,TF,EFF,TAIR,XK) e
Beat6 WRITE(3s233)

geet? EFF=18, 1 BETA®, 0024 3 TCMAXaddl,

_02e18 _  CALL SDATA(RETA,TCMAX,H§,IN,ETAL,TF,EFF,TAIR, XK} e,
20019 EFF=y%,
0002¢ CONsy2@,

9202 __ CELLys@gaeee, J CELL235p0@, -
82322 Neag 1 X1s,028 3 XM»,02

00023 CALL BLOCK}

goe2d4 CALL BLOCX2 e e R
28925 ¢ VARY CELL COST

8eezb CELLi=82¢ma, 1+ CELL235g00,.

20227 CALL BLOCKY o o e
9e229 CALL BLOCKZ

20229 CEILLi{=200320, 1 CELL282p2042,

.8agle_  CALL BroCkt e
00y CALL BLOCKZ
eeeld2 CELL1s8208, 13 CELL2s3020,

80933 CALL BLOCKS } o B o
0004 CALL BLOGCK2
22038 STOP * NORMAL END’

_@eals  END o o e
CO¥MON BLOCKS . o ) o
FCOMM 71421) R
EFF 0 CON _ #1  CELLY 2  CELL2 ) N = 4
XI 5 XM 1} ETAY 7 XK *19 T *20

_SUBPROGRAMS CALLED

SDATA  pLOCK}

STAIR_ 1

BLOCK2

i
*BETA_ 2_ 1 S ) N A__

___ ®ICNAX 8
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